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INTRODUCTION

Due to the serious interest in radiated electromagnetic effects which exists within
the Department of Defense and the electromagnetic compatibility (EMC) community the
subject of electromagnetic shielding has risen to a position of high importance. Military
systems and support equipment are generally required to operate either during or after
exposure to a variety of intense electromagnetic environments, such as electromagnetic
pulse (EMP), electromagnetic interference (EMI), jammers, and directed energy
weapons, that is, high power microwaves (HPM). The problem of shielding by circular
conducting cylinders is especially important for the analysis of military systems due to
the congruity, or similarity of this shape to the shapes of airplanes, missiles, and artillery
projectiles. Rough engineering estimates of the shielding inherent in these types of
military systems may be made by approximating these structures by ideal cylindrical
conducting shells.

The propagation of an electromagnetic planewave in the presence of a planar
conducting sheet, an infinitely long cylindrical conducting surface, and a spherical
conducting surface are among the few problems which admit an exact analytical solu-
tion and have therefore been investigated in some detail. These solutions have been
used to make calculations of the electromagnetic attenuation, or shielding effectiveness,
of these structures. More complicated structures have also been investigated by vari-
ous methods. The shielding effectiveness is the primary quantity of interest in the
subject of electromagnetic shielding. It is a quantitative measure of the attenuation of
incident electromagnetic energy due to the presence of a metallic surface or shield. It
may be roughly defined as the intensity of the electromagnetic field at a point in space
within the shielded volume to the intensity of the incident planewave.

The purpose of this report is to calculate the shielding effectiveness versus fre-
quency for circular cylindrical shields and for spherical shields. An important result of
this paper is the derivation of an approximate formula which expresses the shielding
effectiveness as a function of the frequency, the conductivity, and the thickness of the
shield. The results show that this formula is a good approximation for frequencies in the
resonance regime. This approximate formula permits quick shielding calculations to be
made without the need for computer programs or complicated mathematics.

Due to its geometrical and mathematical simplicity, the problem of scattering of a
planewave by a solid circular cylinder at perpendicular incidence was solved as early as
1881 by Lord Rayleigh, (ref 1), and independently by von Ignatowski in 1905 (ref 2).
Following these original works many German authors investigated this problem, includ-
ing von Ignatowski in 1907, (ref 3), Seitz in 1905 and 1906, (refs 4-6), von Schaefer in




1907 (refs 7,8) and Debye in 1908 (ref 9). The scattering of a normally incident
planewave by a solid cylinder with a concentric cylindrical sheath was first solved by
Adey in 1956 (ref 10), Tang in 1957 (ref 11) and latter investigated by Kerker and
Matijevic in 1961 (ref 12). The problem of scattering by a solid cylinder due to a
planewave at oblique incidence was not soived for many years following the initial work
of Lord Rayleigh and von Ignatowski. The full solution of this problem was given by
Wait in 1955 (reft 13) although the method and form of the solution was given in the
classic textbook on electromagnetic theory by Stratton in 1941 (ref 14). Exact solutions
for scattering by cylinders due to other types of sources, such as line sources and
dipole sources, may be found in the encyclopedic reference book on electromagnetic
scattering by Bowman, Senior, and Uslenghi (ref 15).

The first analysis of the shielding properties of hollow conducting cylinders was
made by Wu and Tsai in 1974 (ref 16). These authors solved the scattering problem for
a cylindrical conducting shell of inner radius r=a and outer radius r=b due to a normally
incident planewave, and then calculated the shielding effectiveness as a function of ka
for a cylinder of radius a=3.0 mm and thickness b-a=0.1 mm. The calculation covered
the frequency range from ka=1.1 to ka=4.0, and, therefore, was limited to a narrow band
in the vicinity of the first resonant frequency. In a second paper, Wu and Tsai analyzed
the shielding effectiveness for a planewave at oblique incidence (ref 17), and in a third
paper they investigated the transient response of a cylindrical shield to simple EMP
wave form (ref 18). These are the only results on the shielding problem for circutar
conducting cylinders which are known to this author. In this report some of this earlier
work shall be extended. The shielding effectiveness shall be calculated over a wide
range of frequencies which covers several orders of magnitude. in reference 16 no
details of the numerical calculations were given other than a reference to a well known
handbook of functions (ref 19). In this report, full details of the numerical calculations
shall be included for completeness. This analysis leads to a derivation of the resonance
condition and a derivation of an approximate formula for the shielding effectiveness in
the resonance regime. No results for the shielding effectiveness are presented for the
case of an obliquely incident planewave due to time constraints on this work.

In the second part of this study the shielding properties of a spherical shield are
investigated. This problem is closely related to the problem for the cylinder and the
results are very similar. The complete theory for scattering of an electromagnetic
planewave by a sphere is usually attributed to Mie (ref 20). However, as pointed out by
Kerker (ref 21) the theory had been worked cut earlier by several authors, and even as
early as 1863 by Clebsch. Some of the earlier work included the theory of scattering by
a perfectly conducting sphere by Lorenz in 1890, the theory of scattering by a perfectly
conducting sphere by J.J. Thomson in 1893, and an extension of Thomson's theory to
dielectric and imperfectly conducting spheres by Love in 1899. Following the work of




Mie in 1908, further contributions to the theory were made by Debye in 1909 (ref 22).
The most concise formulations of the solutions to the scattering problem for the sphere
are in terms of spherical vector wavefunctions which comprise a complete set of solu-
tions to the vector wave equation in spherical coordinates. Details of these solutions
are given in the text by Stratton (ref 14). The problem of scattering by a spherical shell
was first derived by Aden and Kerker in 1951 (ref 23). These authors consider a spheri-
cal scatterer consisting of two concentric homogeneous regions which are in direct
contact: a spherical interior region covered with a concentric spherical shell. The
general solutions are given for the case when the interior region and the concentric
spherical shell have different complex dielectric constants and different complex
propagation constants. The study by Aden and Kerker was extended by Wait in 1964 to
the case when the scatterer consists of any number of concentric homogeneous re-
gions (ref 24).

Stimulated by interest in nuclear electro-magnetic pulse (EMP), studies of the
shielding of transient fields by a spherical metalic shield were conducted in 1965 by
Harrision and Papas (ref 25). Using the steady state solutions for scattering by an
incident planewave of frequency f (ref 14), the authors calculate the field amplitudes of
the incident wave, that is, the shielding effectiveness, as a function of frequency. This
result is just the transfer function for the field amplitudes, either electric or magnetic, at
the center of the sphere due to an incident wave oi frequency f. Using this transfer
function and standard Fourier transform techniques, these authors make numerical
calculations of the transient fields at the center of the sphere due to a Gaussian EMP
wave form incident on the sphere. Further investigations of the steady state shielding
problem were made by Chui, Dudley, and Bristol in 1969 (ref 26). These authors use
the vector multipole expansions of the fields described in Jackson (ref 27) instead of
Stratton’s vector spherical wavefunctions. Mathematically, however, these two formula-
tions are equivalent. The only other difference in their approach is that they consider a
circularly polarized incident wave rather than a linearly polarized wave, which adds
some symmetry to the problem. This work extends the results of Harrison and Papas
by calculating the magnitudes of the electric and magnaetic fields in the interior of the
spherical shell along the z-axis, and not just at the center z=0. These calculations were
performed at six frequencies, including the first two resonant frequencies. In addition,
they present plots of the equi-field curves throughout the interior region for two different
frequencies. The results of this work, and additional work by Dudley and Quintenz in
1975 (ref 28) show that the magnitudes of the fields away from the center of the sphere
may be four orders of magnitude greater than the fields at the center.

The theory of the shielding effectiveness of a spherical conducting shell is devel-
oped in this report with reference to the fields at the center of the sphere. The approach
used here is the same as that of Harrison and Papas (ref 25). Numerical calculations




are performed for a sphere with outer diameter d=155 mm and thickness b-a=0.1 mm,

over a range of frequencies from 10° to 10'° Hz. The results show a series of discrete
resonances at high-frequencies. Although these resonances are analogous to those for
the cylinder problem, the have apparently not been thoroughly investigated in previous
work. Equations for the resonance conditions are derived. In addition, an approximate
formula for the shielding effectiveness is obtained which is accurate for frequencies in
the resonance regime. To this author's knowledge this result has not been derived
previously.

The contents of this report are organized as follows. The theory and results for the
cylinder are presented in part 1, and the theory and results for the sphere are presented
in part 2. In the first section, section 1, the field equations will be solved by reducing the
Maxwell equations to a scalar wave equation, the scalar Helmholtz equation, in cylindri-
cal coordinates. In section 2 and section 3 the exact solutions for the TM and TE fields
shall be presented in the forms of series expansions of the fields and the expansion
coefficients determined by the application of boundary conditions on the cylindrical
surface. In sections 4, 5, and 6 the field equations shall be solved for the case of an
obliquely incident planewave, that is, a planewave incident at an arbitrary angle to the
z-axis. Then in section 7 the shielding effectiveness shall be defined and the resuits ot
numerical calculations of the shielding effectiveness versus frequency for the cylinder
shall be presented for both the E-polarized and H-polarized incident waves. The nu-
merical methods for evaluation the Bessel functions are described in Appendix A. The
results are compared to the approximate formula for the shielding effectiveness which is
derived in appendixes B, C, and D. An alternate definition of shielding effectiveness is
defined in appendix E. In part 2, the Maxwell equations are solved by using the well
known spherical vector wavefunctions which form a complete set of solutions to the
vector wave equation, the vector Helmholtz equation, in spherical coordinates. In
section 8 the scattering of a planewave by a spherical conducting shell is solved by
expanding the electromagnetic fields in terms of spherical vector wavefunctions. The
expansion coefficients are obtained by matching the boundary conditions at the spheri-
cal surface. In section 9 the field solutions are used to obtain expressions for the
shielding effectiveness of the sphere, and in section 10 the numerical calculations of the
shielding effectiveness are presented. The resonance conditions and the approximate
formula for the shielding effectiveness are derived in appendix F. Finally, the conclu-
sions are summarized in section 11.

THEORY: PERPENDICULAR INCIDENCE
An infinitely long cylindrical conducting shell of inner radius r=a and outer radius

r=b has electrical conductivity o, dielectric constant €, and magnetic permeability . It
is assumed that the conductor is a non-magnetic material, that is, it is a diamagnetic or




paramagnetic material, such as copper or aluminum, and therefore u~p,. The case

when the conductor is a ferromagnetic material is more complex due to the frequency
and magnetic field dependence of the permeability, and therefore shall not be consid-
ered here. Consequently, this analysis does not rigorously apply to shielding materials
such as iron or steel. It shall be assumed in the analysis that p=p..

The cylinder is located in empty space (vacuum) which has a dielectric constant g,
and permeability p . A linearly polarized planewave of frequency f is incident on the

cylinder with its direction of propagation perpendicular to the cylinder axis. Two
polarization states shall be analyzed separately: one state of linear polarization of the
incident wave with the E-vector parallel to the cylinder axis (TM), and one polarization
state with the H-vector parallel to the cylinder axis (TE). Any state of elliptical polariza-
tion of the incident planewave may be expressed, in general, as a sum of these two
polarization states, TM and TE, with complex coefficients. Therefore, once solutions for
the TM and TE incident waves are found, the general solution for an arbitrary state of
polarization of the incident wave may be obtained by superposition of these independ-
ent solutions.
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Figure 1. Geometry for perpendicular incidence. Top view.

The physical geometry for this problem is shown in figure 1.
There are three distinct regions: I, II, and III, for which the
electromagnetic fields must be determined. The boundary
conditions on the field vectors at the interfaces of the
different regions are as follows: the tangential E-fields and
tangential H-fields must be continuous, and, the normal D-fields
and normal B-fields must be continuous. The electromagnetic
field equations, the Maxwell equations, in MKSA units for a
general conducting medium are as follows:

VxE = - a:E-,

<
o
o
|
o

= EE’
B = uH,
J = CE

Since the incident planewave has a harmonic time dependence, this
implies that all the fields shall have the same time dependence.




Therefore it is assumed that the field vectors E, H, D, and B

vary in time as e'iwt. Using this fact together with the
constitutive equations, the Maxwell equations take the form

VxE = iwu.H, (1)
VxH = (o-iwe)E, (2)
Ve*E = O, (3)
VeH = 0. (4)

The wave eguations for the E and H-fields may be derived from
the field equations. Taking the curl of equation 1 and using the
vector identity

Vx(VxE) = V(VeE) - V?E ,

and then substituting equations 2 and 3 into the result yields
the vector wave equation, or Helmholtz equation,

(Vi+y*)E = O, (5)

where
vy* = iwu,(o-iwe).

Similarly, by taking the curl of equation 2, and then
substituting equations 1 and 4, the wave equation for the H-field
takes the same form:

(V:+y*)H = O, (6)

where
y? = iwy,(o-iwe). (7)

In the case when the conductivity is zero, that is, in regions I
and III, the same wave equation holds with o=0, and €=¢,, which
implies y=k. As a mathematical note it should be mentioned that
the wave equations, equations 5 and 6, are automatically




satisfied by the E and H-fields if the fields satisfy Maxwell's
equations. That is, If E and H satisfy Maxwell's equations then
they satisfy 5 and 6. However, if the fields satisfy 5 and 6 this
does not imply that they satisfy the Maxwell equations.
Therefore, once solutions of the wave equations are obtained it
is necessary to verify that they satisfy the Maxwell equations.

In the first case to be considered the incident E-field is
polarized in the z-direction:

inc
Ez = E,e .

Symmetry about the z-axis implies that the total E-field in each
of the three regions is also polarized in the z-direction. Thus
the only nonzero component of the E-field is E, in the TM case.

By using the first Maxwell equation, equation 1, and the
expression for the curl operator in cylindrical coordinates, the
total H-field has two nonzero components given by

qaE
1 1 z
By = Tou, T 35 - (8)
-1 9E,
Ho = Tau, dr - (%)

Thus, when the electric field component Ez is known the magnetic
fields may be obtained by differentiation. The electric field E,

will be obtained in each of the three regions I, II, and III by
solving the respective wave equations. The magnetic fields will
be calculated from E, by using equations 8 and.9. By using this

approach Maxwell's equations are automatically satisfied.
Similarly, in the TE case the only nonzero component of the H-
field is H,. Using the second Maxwell equation, equation 2, the

components of the E-field in this case are given by

dH
1l 1 4
E, = STec T To (10)
dH
-1 2
E¢ * o-1wec dr ° (11)




The material parameters in region I are W,, £,, and o=0. The
wave equation for Ez (TM case) or H, (TE case) is given by

(V3+k3)‘p- = 0, k? = gz;

where Vy is equal to E, or H,. Using the expression for the
Laplacian in cylindrical coordinates this becomes

2
EREIREE RS

To solve this equation use separation of variables. Let
VY=R(r)Q(¢). Then the equation for the angle variable becomes

g%?'*’ n’Q = 0[ (13)
which has solution
0(¢) = etine,

The parameter n? is the separation constant. To ensure that the
solution is single valued n must be an integer: n= 0,#+1,%2,...
The radial equation takes the form

2 2
S+ kLR -0, (14)

If the substitution x=kr is made, then this equation takes the
standard form of Bessel's differential equation:

2 2

The linearly independent solutions are the Bessel functions of
the first and second kinds

R(X) = Jn(x), Yn(x).




Another set of linearly inc :pendent solutions are the Hankel
functions

H&(x) = Jn(x) + 1Yn(x),

Ha(x) - Jn(x) - 1Yn(x).

The total field in region I may be written as a superposition of
the incident and scattered fields in the form

ing

tkx , g 4D a H!(kr) '™, (16)

v = e

N=-—0o

The Hankel function H'(kr) is chosen since it represents an
outgoing wave for large r. The incident field may be expanded in
a Fourier series as follows

ikx _ eikrcos(¢) - 5

e i J (k) ein® (17)

N=—0co

Therefore, using this expansion the total field may be written

v = %, in[Jn(kr) + anHA(kr)]ein¢, r>a . (18)

N=~c

Next, solutions shall be found for the wave equation in region
II. The material parameters in region II are u,, €, and o.
The wave equation for Ez in the T™M case, or H, in the TE case, is

(vz+yz)¢ = 0,
where, from 7

2 w?* (€ °_
Y = Ca [£°+ iwco]‘ (19)

10




As in the previous derivation, separation of variables leads to
the solution

V = i® [b_J_(yr) + c_H!(yr)leil?® , a<r<b . (20)
nn nn

N==—co

The combination of functions Jn(yr) and Hﬁ(yr) are chosen so the

solution in this region has a similar form to the sclution in
region I. The arguments of these functions are now complex,
however, since y is complex. For a good conductor, and for
frequencies such that (o/we,)>>1, approximate relations for y
are, from 19,

1z iZ
w?* (. O 1 (w0 1/2 4 1/2_74
v? = g liggr), and vy =3 (§5)777 e © = (woug)™ "% 7. (21)
In region III the material parameters are u,, €,, and o=0.
Thus the wave equation has the same form as in region I:
wz
(V:+k2)y = 0, k? = Za.
As before, separation of variables yields the solution
% n iné
V= ) i 8,3, (kr)e . r<a. (22)

N=~c

Only the Bessel function Jn(kr) is used since fhe other

solutions, which contain Neumann functions, approach infinity as
r approaches zero. These other solutions are physically
unacceptable.

Due to the fact that only the Hankel function Hﬁ(x) shall be

used, the superscript (!) shall be omitted hereafter. Therefore,
whenever the function H (x) appears it should be understood that

it stands for Hﬁ(x). The reason for this is to avoid confusion

with the prime symbol (') which is used for differentiation. This
convention shall be adhered to throughout this thesis.

11




2. TM INCIDENT WAVE

The full solutions for the fields in the TM case are obtained
by using equations 20, 21, and 22 which give solutions for E, and

then using equations 8 and 9 to determine H, and H¢. The full
electromagnetic field solutions are, in region I,

n in¢ .
E, ~ E, ng_- i [Jn(kr) + aan(kr)]e , r>b; (23)
E, 1 w 1 in
AR I UL L PR LTI EIY
-E,k © . . i
By« Taby B "l v ahykn))et?, Pbio (29

E = E, } in[ann(yr) + cnﬂn(yr)]ein¢, a<r<b;  (26)

N=—o

E, 1 o n+1 in

Hr = Iﬁﬁ: T n§—~ ni [ann(yr) + ann(yr)]e ¢, a<r<b; (27)

H, = 3EoY § in[b J'(yr) + ¢ H'(yr)]ein¢ a<r<b; (28)

¢ Iew, 2 . n"n n'n ! !
region III: '
E, = B, 3 i° dan(kr)ein¢, r<a; (29)
N=—c

E, 1 o n+l in¢ .

H = IE%: Z n§—~ ni dan(kr)e , r<a; (30)
-kE, = n in¢

. =0 '
H, Ton ng_w 17 4, 3 (krye” Y, r<a. (31)

12




The coefficients an- bn' Chr and dn are determined by matching

boundary conditions at the interfaces. Continuity of the
tangential E-field at r=b implies

Jn(kb) + aan(kb) = ann(yb) + ann(yb). (32)

Continuity of the tangential E-field at r=a implies

ann(ya) + c H (ya) = dan(ka). (33)

Continuity of the tangential H-field at r=b implies

k[Jﬂ(kb) + anHﬁ(kb)] = y[b 3 (yb) + c H!(yb)]. (34)
Continuity of the tangential H-field at r=a implies

y[anﬁ(ya) + anﬁ(ya)] = k d J;(ka). (35)

These are all the required boundary conditions. Since u=y,, the
boundary condition on the normal component of B is redundant.
These equations; 32, 33, 34, and 35; comprise a nonhomogeneous

system of four equations in the four unknowns a,. bn’ Ch» and dn'

The solutions of this system are obtained directly with the use
of Kramer's rule. This results are given by the relations

= g‘ = g? = g’ = y“ M
a v ' b v o €h = T ¢ dy v’ (36)

where the U, and V are determinants given as follows:

i

13




U,

U,

U,

-J,, (kb) -J, (YD) -H (YD)

0 J,(va)

-kJ} (kb) -yJ!(yb)  -YHj(YD)

0 YJ,(Ya)

H (kb) -J(kb) -H, (Yb)

0 0

kHﬁ(kb) -kJﬁ(kb) —yHn(yb)

0 0
Hn(kb) —Jn(yb) —Jn(kb)
0 Jn(ya) 0

kHA(kb) -yJﬁ(yb) -kJn(kb)

0 v3. (va)

14

H (ya)

YH, (va)

H (ya)

yH (va)

0

—Jn(ka)
0

—kJﬁ(ka)

-Jn(ka)
0

-kJﬁ(ka)

—Jn(ka)
0

-kJﬁ(ka)

’ (37)
, (38)
‘ (39)




Ho(kb)  -J (yb) -H (yb)  -J (kb)
0 Jolvya)  Hy(ya) 0
Uc = ’ (40)
kH/ (kb) -yJp(yb)  -yHp(yb) -kJ;(kb)
0 yJp(va) YH[ (va) 0
and
Ho(kb)  -J (yb) -H_(yb) 0
Y J,(va) H (va) -J, (ka)
V = . (41)
kH) (kb) -yJ (yb) -YH_(Yb) 0
0 YJqh(va) YH,(va) -kJ| (ka)

This completes the solutions for the fields in'the TM case. The
expansion coefficients may be determined explicitly by evaluating
the above determinants.

Although the series solutions of the fields are rather
cumbersome since the expansion coefficients are given by
quotients of determinants of Bessel and Hankel functions, they do
constitute exact solutions, and they are sufficient for the
purposes of this study. It is very desireabkle, and it seems very
reasonable to expect that the field solutions may be expressible
in a closed form in terms of an integral. This author is not
aware if such a closed form integral solution exists or has been
derived previously. This is a point of departure for further
investigations.

15




3. TE INCIDENT WAVE

The full solutions for the fields in the TE case are obtained
by using equations 20, 21, and 22 which give solutions for Hz and

then using equations 10 and 11 to determine E
electromagnetic field solutions are, in region I:

N=—e

B, = o1 ng_a ni™ g, (kr) + A H_(kr)]e

g, = Hok 5
¢ iwe, ne-w

region II:

N=-ew

H, 1 < n+l
E, = g=32= 7 g ni [Ban(yr) + Can(yr)]e

E, = —He¥ ¥y in[BnJﬁ(yr) + C H! (yr)]e

H, = H, § i Dan(kr)ein¢,

‘Hg 1 n+l in¢

- n . in¢
E Toc- & 1 D Ii(krye™,

16

< n
H, = H, 3 1 [J (kr) + A H (kr)]e

1“[J6(kr) + A_H!(kr)le

° n
H = H, ) 1 [Ban(yr) + Can(yr)]e

in¢

’

in¢

r

in¢
’

and E¢.

in¢

r>b;

r>b;

r>b;

adr<b;

acr<b;

acr<b;

r<a,;

r<a;

r<a.

The full

(42)

(43)

(43)

(44)

(45)

(46)

(47)

(48)

(49)




As in the TM case, coefficients An' Bn’ Cn, and Dn are

determined by matching boundary conditions at the interfaces.
Continuity of the tangential H-field at r=b implies

Jn(kb) + Aan(kb) = Ban(yb) + Can(yb). (50)
Continuity of the tangential H-field at r=a implies
B, J,(ya) + C H (ya) = D_J (ka). (51)

Continuity of the tangential E-field at r=b implies

iw§° [35(kb) + A H!(kb)] = Z=¥— [B J!(yb) + C_H!(yb)]. (52)

Continuity of the tangential E-field at r=a implies

- ] (] k '
BT%BE [B I (va) + C H!(va)] = Toes Pnip(ka). (53)

These are all the required boundary conditions. These equations;
50, 51, 52, and 53; comprise a nonhomogeneous system of four
equations in the four unknowns A, Bn' Ch- and D . As before,
the solutions are obtained with the use of Kramer's rule. The
results are as follows: )

= 51 = 52 - K’ = 5"
A T B v Cc T ¢ D T (54)

where the Xy and Y are determinants given as follows:
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X,

X,

-Jn(kb) —Jn(yb) -Hn(yb) 0
0 Jy(va) H (va) -J,(ka)
-k ' Y [ '
ims,Jn(kb) o—iweJn(Yb) o~ meHn(Yb) 0
~Y ] -! ' "k )
0 o—iweJn(Ya) o-iweHn(ya) imean(ka)
Hn(kb) -Jn(kb) —Hn(yb) 0
0 0 Hp (va) -J,(ka)
k_ pi(kb) ZX—3'(kb) —Y—H! (yb) 0
ive, 'n WE, N o-iee n'Y
0 0 —IL__H' (ya) -k J! (ka)
o-iwe' ' n iweg, n
Hn(kb) —Jn(yb) -Jn(kb) 0
0 Jn(ya) 0 -Jn(ka)
K 41 (kb) —Y—3'(yb) X3! (kb 0
iwe, n( ) c-iwe™n Y iwg, N )
_]: . _k .
0 o—iwan(ya) 0 iwean(ka)

18

’

[

’

(55)

(56)

(57)




Hn(kb) -Jn(yb) -Hn(yb) -J,(kb)
0 Jn(ya) Hn(ya) 0
Xe = . , (58)
k [] ! ] ! [} - (]
iweonn(kb) o-iweJn(Yb) o-iweﬂn‘yb) iwsan(kb)
0 o-imeJﬁ(ya) o:iwenﬁ(ya) 0
and
Hn(kb) -Jn(yb) -Hn(yb) 0
0 Intya) Hp(va) -3, (ka)
V = . (59)
iwe,Hﬁ(kb) o-imeJﬁ(yb) o-iweHﬁ(yb) 0
-y , -y , -k .,
0 c—iweJn(ya) o-iwan(ya) iwsan(ka)

This completes the solutions for the fields in the TE case. The
expansion coefficients may be determined explicitly by evaluating
the above determinants.

This concludes the presentation of the electromagnetic field
solutions for the scattering of a normally incident planewave
from a circular cylindrical conducting shell of inner radius r=a
and outer radius r=b. The expansion coefficients of the fields in
the region r<a shall be evaluated in the Appendixes for the
purposes of calculating the shielding effectiveness. In the next
sections, sections 4, 5, and 6 the solutions for scattering by an
oblique.y inci.:nt planewave shall be derived.
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4. OBLIQUE INCIDENCE

In general, Maxwell's equations may be solved by the use of
two auxilary vectors M, and M,, called Hertz vectors. The time
harmonic Maxwell equations, equations 1, 2, 3, and 4, are
automatically satisfied if

E = VUxVUxIT, + 1oy VxI, (60)

H = (0-iwe)VxM, + VxVxM,, (61)

and if the Hertz vectors satisfy the vector wave equations

UxUxIT, - 9(VeNl,) -~ y3*MN, = O, (62)
UxVUxM, - V(VeM,) - y2N, = O, (63)

where, as before,
y* = iwyy(o-ime). (64)

This may be verified by inserting equations 60 and 61 into
equations 1 and 2, and then using equations 62 and 63. In the
case of cylindrical symmetry the only nonzero components of the
Hertz vectors are the z-components. If n,=w,ez and Nn,=0, where

¥, is a scalar function, then the cooresponding solutions of
Maxwell's equations are given by

N

d¥ + (y*- h*)¥, e

E = VxVxl, = ih $3te + ih 2

Q.

¥

® e

,r  (65)

¢

H = (0o-iwe)Vx, = (o-iwe) [% g%* e, - g%i eQ], (66)

where it is assumed that ¥, = w,(r,¢)eihz. A z-dependence of the

form eihz is chosen to match the form of the incident wave. The
vectors e . e¢, and ez are the usual unit vectors in the
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cylindrical coordinate system. An independent set of solutions of
Maxwell's equations is obtained if Nn,=0 and n,=w,ez which yields

dv
o °r -~

|~
(o}
e

E = iou UxM, = iop | e¢], (67)

H = VxVxI, = ih g%‘- er + ih % g.%l. e¢ + (Yz' hz)\-yz eZ' (68)

where V¥, = w,(r,¢)eihz. Note that the solutions based on the

wavefunction ¥, have a nonzero E, component, and the solutions
based on the wavefunction ¥, have a nonzero H, component.

Therefore, equations 65 and 66 represent TM fields and equations
67 and 68 represent TE fields.

For the case of perpendicular incidence a TM incident wave
gives rise to a TM scattered wave and a TE incident wave gives
rise to a TE scattered wave. This is not true in the case of
oblique incidence. For oblique incidence a pure TM incident wave
gives rise to a combination of TM and TE scattered \aves. And,
similarly, a pure TE incident wave gives rise to a combination of
TE and TM scattered waves. Therefore both TM and TE components of
the scattered fields are required to express the total fields in
each of the regions I, II, and III. This implies that both
wavefunctions ¥, and ¥, must be used to give independent TM and
TE solutions for the scattered fields, respectively.

In region I, r>b, the material parameters are €,, U,, and o=0.
The scalar Helmholtz equation takes the form

>
»

(Vi+ k2)¥Y = 0, k* = == (69)
The solutions for the wavefunctions are
ihz §
(TM) ¥, = E% e Z_Z 10 aan(zr)ein¢, (70)
_ H, ,ihz § ;n iné
(TE) ¥, = e Y i b H,(&r)e , (71)
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where zzzkz— hz. The Hankel function is chosen so that the

scattered field reduces to an outgoing wave as r approaches
infinity. The constants E,/k# and H,/k®% are included so that the
expansion coefficients are dimensionless. For convenience, the
field strengths E, and H, will be chosen to be equal to those of
the incident planewave. In region II, a<r<b, the region within
the conductor, the material parameters are £, u,, and o. The
Helmholtz equation takes the form

(Vi+y*)¥ = O, vy? = 1oy, (o-iwe).

The solutions for the wavefunctions in region II are

(TM) ¥, = Ei e1hz % in[ann(xr) + dan(xr)]ein¢, (72)
(TE) ¥, = %& eihz 2 in[fan(xr) + gan(xr)]eii¢, (73)
where x2=y2— hz. Both Bessel and Hankel functions are required in

the expansions 72 and 73 in order to match the interior and
exterior fields. In region III, r<a, the material parameters are
€, and Y,. Therefore, the wavefunctions in the interior region,
region II1I, take the forms

(TM) ¥, = E% eihz y 40 ann<mr)ein¢; (74)
(TE) ¥, = gf eihz 3 40 ann(zr)ei“¢. (75)

Only the Bessel function is required since it is finite at r=0.
Using these results for the wavefunctions the scattered fields in
a given region may be obhtained by using equations 65, 66, 67, and
68. For example, in ‘he exterior region, region I, where r)>b, the
TM scattered fie_ds are obtained by inserting the wavefunction 70
into the set of equations 65 and €6, and the TE scattered fields
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are obtained by inserting 71 into equations 67 and 68. The
resulting TM scattered fields are, for r’b,

iE, eihz E

- a0

TE scattered

- iEoeihz Z

-iE e

h
k

n in¢
i anﬂﬁ(zr)e R

it E%?(in) aan(zr)einQ,

¢

n in
i aan(mr)e ’

)
k

in

—

n
i or

in¢
aan(zr)e ’

¢

n ' in
aan(zr)e .

i
fields in the region r>b are

¢

n in in
i ann(Er)e ’

pr
n in¢
i anA(mr)e N

¢

n . in
i ann(Er)e ‘

h
k

h
ker

n in¢
i (in) ann(zr)e ’

¢

n in
i ann(mr)e .

2
k
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The scattered fields in the other regions are obtained similarly.
In general, the scattered fields are of the form

Having determined explicit expressions for the scattered
fields the next step is to obtain expressions for the incident
fields. The incident planewave propagates at an angle 6 to the x-
axis as shown in Figure 2. The k-vector, or wave normal, lies in
the x-2z plane. Two distinct states of linear polarization of the
incident wave will be treated seperately. The case in which the
E-vector of the incident wave lies in the x-z plane shall be
called the TM incident wave. And the case in which the H-vector
of the incident wave lies in the x-z plane shall be called the TE
incident wave. In rectangular coordinates the electromagnetic
fields of the TM incident wave are given by

. ik (xcos6 + 2sin8)
(TM) Einc = E,(-siné e, + cos6 ez) e ’

- - ik (xcose + zsind)
(TM) . A H.,ey e .

And the fields of the TE incident wave are

ik (xcos8 + 2sin®)

(TE) = E,e_ e

Einc y

ik { +
(TE) Hipc = Ho(-sine e + cosé e,) e (xcose + zsin@)

where H,=/t€,/u, E,, and k=w/c. The components of the incident
wave in cylindrical coordinates may be determined by using the
transformation of basis vectors:

e_ = cos¢ ex+ sin¢ e

r Yy

e¢ -sin¢ ex+ cos¢ ey.

24




/f/‘

N

Figure 2. Geometry for oblique incidence. Side view.

The cylindrical components of the TM incident wave are

(T™) E, = Eo(-sinecos¢)eihzeikxcose,
Ey = E, (sin8sing)eiNZeikxcose,
E, = Eo(cose)eihzeikxcose,
H = Ho(-sin¢)eihzeikxc°se,
H¢ = Ho(-cos¢)eihzeikxc°59,x

where h=ksin6. Similarly, the cylindrical components of the TE
incident wave are

(TE) Er - Eo(sin¢)eihzeikxc°se,

E¢ - Eo(cos¢)eihzeikx°°se,
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H = Ho(-sinecos¢)eihzeikxcose'

Hy = H, (sinesing)elPZeikxcose

Hz - H,(cose)eihzeikxcose.

The incident fields may be expanded in a series of Bessel
functions by using the Fourier series representation

eikrcos¢cose E in Jn(zr)ein¢,

where f=kcos6. The following identities are also needed

siné elkrcoseécosé _ -iir g$ [eikrcos¢cosel’
cosd elkrcosécosd _ (-i)% g? (eikrcos¢cose}'

where g#=kcos6. Using these identities the required expansions of
the T™M incident wave are as follows

(TM) E, = Eoeihz_g it (i)% Jr'l(ﬂ,r)eimb, (76)
(TM) Eq = E,eihz_§ in (1)%(1:1) Jn(zr)eim, (77)
(T™) E, = E,e™ § 1" ¥ g (ar)el?, (78)
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(TM) H_ = H,elhZ § 0 I%?(in) Jn(ﬁr)ein¢, (79)
(TM) H, = HoelDZ 7 10 (1) Jn(zr)e1n°. (80)

Similarly, the required expansions of the TE incident wave are

(TE) E, = -E,eihz_g {0 I%?(in) Jn(zr)ein¢, (81)
(TE) Eq = -E,eihz_z 1® (1) Jn(zr)ein¢, (82)
(TE) H_ = H,eihz_z if (i)% Jﬁ(zr)ein¢, (83)
(TE) Hy = H.eihz_g 1P (1);%;(1n) Jn(zr)ein¢, (84)
(TE) H, = Heell? y 1P g 3. (ar)eit®, (85)

Having solved Maxwell's equations for the scattered fields and
then obtained series expansions of the incident planewave, the
total fields may be written down at once. The total
electromagnetic fields in the region exterior to the cylinder,
for r>b, are given by the sum of the incident and scattered
fields. In the interior region, for r<a, and inside the
conducting layer, a<r<b, the total fields are given by the
expansions for the scattered fields alone. The expansion
coefficients may then be determined by imposing boundary
conditions on the fields at the surfaces of the conducting
cylinder. This procedure shall be carried out for both the TM and
TE incident waves in the following sections, sections 5 and 6.
Although the full solutions shall be presented, the shielding
effectiveness shall not be ca.r.ulatecd for the case of oblique
incidence due to the complexity of the solutions.
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5. OBLIQUE TM INCIDENT WAVE

In this section the complete electromagnetic field solutions
shall be obtained for the scattering of an obliquely incident TM
planewave by a circular cylindrical conducting shield. These
solutions differ from the solutions in the case of a
perpendicularly incident TM wave in that the scattered fields
contain both T™M and TE components. Therefore, the solutions for
the case of an obliquely incident planewave require eight
independent sets of expansion coefficients instead of four. This
is a consequence of the breaking of the perfect two-dimensional
symmetry in the previous problem. For oblique incidence, it is
interesting to note that if the cylinder were a perfect conductor
then no mixing of the TM and TE scattered fields would occur and
a TM incident wave would give rise to a TM scattered wave only,
as in the case of perpendicular incidence. This implies that for
a good conductor the secondary scattered modes, TE in this case,
are of low intensity relative to the dominant TM mode.

Proceeding now with the solution. In the exterior region,
region I, where r>b, the total fields are given by

in
or

in¢

E, = 1E,elPZ § 1P(L arqer) + £ aHier) + 22 b H (ar))el™®,  (s6)

E, - 1E,eihz_§ 1P (3085 (ar) + $02 a m_(er) - b H!(kr))el®, (87)

E, = E,eihz-z 1“[% J (er) + % aan(zr)]ein¢, . (88)

H = -1H,eihz_§ in(%%Jn(Er) + %%aan(zr) - % bnnﬁ(zr)]ein¢, (89)

Hy = 1H,eihz_§ 17(3. (o) + a H!(Lr) + E%?(in)bnﬂn(zr))ein¢, (90)

H, = H,eihz_z 1"(§ bH_(ar))ein®. (91)
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The total fields inside the conductor, that is, in region II,
where a<r<b, are

E, = iE,e'™® § 1" { § [c d:(xr) + d_H!(xr)] +

+ %% [£,9,(x) + g H_ (xr)]}el™® (92)
Eq = iE,eihz-E it {E%;(in)[ann(xr) +d H (xr)] +
1 ] in¢
- [£30(xx) + g H! (xr)]}e™ ™" (93)
E, = Eoeihz_g i? é [ann(xr) + dan(xr)]ein¢> , (94)

ihz § .n p(o-iweyin
Hr = iH,e 2 i {[—m-:)-x—r‘ [Can(Xl’) + dan(Xr)] +

+ % [£,30(xx) + gnﬂﬁ(xr)]}eln¢ . (95)

H = -iH,eih? y if {(9%%%%] [cdlixr) + dan(xr)] +

- E%;(in)[fan(xr) + gan(xr)]]ein¢, (96)

in¢

H, = H,elh? y i ﬁ [£,9,(xr) + g,H, (xr) Je (97)

Note that the term (o-iwe)/(iwe,) i.. equations 95 and 96 is equal
to -y?/k?.
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The total fields on the interior of the shield, in region III,
where r<a, are given by

in¢

E, - 1E,eihz_g 1" (R p IA(ar) + 32 q I (8r))e (98)
Eq = 1E.eihz_§ 40 [E%?(in) P,In(8E) - anﬁ(Er)]ein¢, (99)
E, - E,eihz_g if % ann<zr>ein°, (100)
H_ = -iH,eihz—g 0 [%% P I (8E) - E ana(zr)]ei“¢, (101)
Hy = 1H,eihz_§ 1 (P, (ar) + E%?(in) ann(zr)]ein°, (102)
H, = H,eihz § 4n ¥ g3, ar)etn. (103)

To determine the expansion coefficients the boundary conditions
must be applied at the surfaces r=a and r=b. The boundary
conditions require that the tangential components of the E-field
and the H-field be continuous on the boundary surfaces. The
condition that E¢ is continuous at r=b implies

E%B(in)Jn(zb) + E%B(in)anﬁn(zb) - b HI(2b) =

- Egs(in)[ann(xb) + dan(xb)] - [fnJ‘(xb) + gnHA(xb)]- (104)
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The condition that E, is continuous at r=b implies

L3 (sb) + ¢ aH (2b) = [ I (xb) + d H (xb)].

The requirement that H¢ is continous at r=b implies

(] ] h
Jn(zb) + aan(zb) + EEB(in)ann(zb) =

%,[anA(xb) + dnHﬁ(xb)] + E%B(in)[fan(xb) + gan(xb)].

The requirement that H, is continous at r=b implies

% bH (2b) = & [£.3 (xb) + g H (xb)].

The requirement that E¢ is continous at r=a implies

;%;(in)[ann(xa) +d H (xa)] - [£35(xa) + g H(xa)] =
= h (in) J (fa) - J'(ga)
kta PpJp(28) - apdp ’

The requirement that E, is continous at r=a implies

ﬁ (e (xa) + d H. (xa)] = % pJ,(%2).

The requirement that H, is continuous at r=a implies

¢
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(107)
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%:[anﬁ(xa) + d H!(xa)] + E%;(in)[fan(xa) + g H (xa)] =
= p,Ji(Ra) + E%E(in) q I, (%a). (110)

And, the requirement that H, is continuous at r=a implies
%
ﬁ [£,9,(xa) + g H (xa)] = g q.J (s2). (111)

These are all of the required boundary conditions. The full set
of boundary conditions constitutes a nonhomogeneous set of eight

equations in the eioht unknowns an., bn' C,- dn’ fn' 9y Pp- and

q,- This system mzy be solved by using the standard technique.
The explicit sosutions for the coefficients is straightforward

and shall not be given here. According to Kramer's rule, the
solutions are given by relations of the form

>

]
]
o’
L]

o
0
0

“
Q,
(]

m
]

®
~e

o}
o]
<jic <

<lc <l
[ J
o
o o]
n
<lc <c
o
<lc <lc

(112)

(o]
o]
"
o
o]
L]

where the determinants Uy and V are determined by inspection of
the eight equations 104, 105, 106, 107, 108, 109, 110, and 111.

This completes the solutions for the electromagnetic fields
for the scattering of an obliquely incident TM planewave. Due to
the fact that the expansion coefficients are given by eight-by-
eight determinants the shielding effectiveness for the case of
oblique incidence shall not be calculated.
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6. OBLIQUE TE INCIDENT WAVE

In this section the complete electromagnetic field solutions
shall be obtained for the scattering of an obliquely incident TE
planewave by a circular cylindrical conducting shield. As was
noted in the last section these solutions differ from the
solutions in the case of a perpendicularly incident TM wave in
that the scattered fields contain both TM and TE components.
However, 1if the cylinder were a perfect conductor then no mixing
of the TM and TE scattered fields would occur and a TE incident
wave would give rise to a TE scattered wave only, as in the case
of perpendicular incidence. This implies that for a good
conductor the secondary scattered modes, TM in this case, are of
low intensity relative to the dominant TE mode.

The expressions for the scattered fields in each of the three
regions are the same as in section 5 with the expansion
coefficients replaced with capital letters: A, B, C, D, F, G, P,
and Q. Only the incident fields are different. The development of
the solutions is identical to that in section 5. Proceeding now
with the solution, in the exterior region, region I, where r)>b,
the total fields are given by

E, = iE,eihz_z 1“[%% J (er) + % A H! (8r) + %% ann(zr)]ein¢,(113)
Ey = iEoeihz_z 1%(-3_ (ar) + %%% AH (8r) - anﬁ(zr)]ein¢, (114)
E, = Eoeihz-g o % Aan(zr)ein¢, ' (115)
H, = -1H,eihz_§ 1P(-Rarar) + 38a mo(or) - £ B H:(r))el®, (116)
Hy = 1H,eihz_z 1“[%%%Jn(zr) + A _H!(2T) + %%% B H (2r))el™®, (117)
H, = H,eih? ¥ 1" 3 er) + ¢ B H_(ar))el"®. (118)
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The total fields inside the conductor, that is, in region II,
where a<r<b, are

E_-~ iE,eihz-E i® { % [c Iy (xx) + D H!(xr)] +
+ 32 [P 3 (x0) + GH (xr)1)et™®
ihz § h
Ey = iE.e z-g it (pztim[Cydpixr) + DM (xr)] +
[} ] in¢
- [Fan(xr) + Gan(xr)]}e ,
E, = Eoeihz-g 1P ﬁ [CT,(xE) + Dnun(xr)]eincb ,
(3 oo i 2
H_ = —iHoelhz_E i? i% %,[Can(xr) + D H (xr)] +
- E [P . (xr) + GnHﬁ(xr)]}ein¢ ,
ihz o 2 ‘
Hy = iH,e hz_§ 1" [ falc,ai(xr) + pyH(xn) ] +
+ E%;(in)[Fan(xr) + Gan(xr)]}ein¢,
H = in¢.

H,elh? § 40 £ [F 3, (xr) + G H_ (xr)]e
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The total fields on the interior of the shield, in region III,
where r<a, are given by

E_ = iE,eih? y 4P [% P Jl(8E) + %% Qan(Er)]ein¢, (125)

E, = iE,eihz_z e [E%?(in) P J (4r) - Q3! (er))el™?, (126)
E, - Eoeihz~§ 1" & p g (ar)elf?, O 127)
H, = -iHoeihz_g if %% P I (81) - % QnJﬁ(zr)]ein¢, (128)
Hy = 1H°eih2_§ iP (P 3} (2r) + E%?(in) Qan(zr)]ein¢, (129)
H, = H,ell? y in § 0.3 (ar)elt®, (120)

To determine the expansion coefficients the boundary conditions
must be applied at the surfaces r=a and r=b. The boundary
conditions require that the tangential components of the E- and
the H-fields be continuous on the boundary surfaces. The
condition that E¢ is continuous at r=b implies

-Jn(ﬂ,b) + k—EB(in)Aan(Eb) - BnHr'l(Q,b) =

= E%B(in)[Can‘Xb’ + Dan(xb)] - [FnJﬂ(xb) + GnHA(xb)]. (131)
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The condition that E, is continuous at r=b implies

% A B (1b) = & [c J (xb) + DH (xb)]. (132)

The requirement that H¢ is continous at r=b implies
h o (in)J_(sb) + A_H!(sb) + i (in)B H (2b) =
Kep (1) Ip (2D) + RAjHp( Kb (1M)ByH, (2D)

2
L.[c 3l (xb) + D H!(xb)] + E%B(in)[Fan(xb) + G H (xb)]. (133)
The requirement that H, is continous at r=b implies

L3 (sb)y + § B H (2b) = g [F 3 (xb) + GH (xb)].  (134)

The requirement that E¢ is continous at r=a implies
h
Ka(in) [Cpd,(xa) + DpH (xa)] - [F Jp(xa) + GHi(xa)] =
h i ]
= E‘i‘é‘ n) Pan(R-a) ~ Qan(Q,a). (135)
The requirement that E, is continous at r=a implies

£ [cyatxa) + DH (xa)] = &P a (sa). (136)

The requirement that H¢ is continuous at r=a implies
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%:[CnJﬁ(xa) + D H!(xa)] + E§3(1n)[Fan(xa) + G H (xa)] =

P J)(8a) + E%E(in) 0,3, (22). (137)

And, the requirement that H, is continuous at r=a implies

§ [Fan(xa) + Gan(xa)] = % 0 I, (22). (138)

These are all of the required boundary conditions. The full set
of boundary conditions constitutes a nonhomogeneous set of eight
equations in the eight unknowns A, B, Co, D, F, G, P, and
Qn‘ This system may be solved by the standard procedure. The
explicit solutions for the coefficients is straightforward and
shall not be given here. According to Kramer's rule, the
solutions are given by relations of the form

- U = Ya = Us = Ys
A= r Bp=gr Cp=v -+ Pp= g
= -Ll' = .l—J‘ = I—J" = g. M
Fn v’ Gn’ v’ Pn v’ Qn v’ (139)

where the determinants Uy and vV are determined by inspection of

the eight equations 131, 132, 133, 134, 135, 136, 137, and 138.
This completes the solutions for the electromagnetic fields for
the case of oblique incidence. Due to the fact that the expansion
coefficients are given by eight-by-eight determinants the
shielding effectiveness for the case of oblique incidence shall
not be calculated.

Although the solutions of the fields is somewhat more
complicated than in the case of perpendicular incidence, the fact
that for a good conductor only a single mode is dominant, implies
that the behavior of the shielding effectiveness should be very
similar to the case of perpendicular incidence. While this is
almost certainly true for near perpendicular incidence, for large
angles of incidence, and especially grazing incidence, this can
only be verified through calculation.
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7. SHIELDING EFFECTIVENESS OF THE CYLINDER

The main purpose of this investigation is to calculate and
plot the shielding effectiveness verses frequency for hollow
cylindrical conducting shields. Results shall be presented only
for the case of perpendicular incidence. For perpendicular
incidence, the shielding effectiveness is defined for the TM
incident wave, the E-polarized wave, as the ratio of the
magnitude squared of the E-field on the axis of the cylinder to
the magnitude squared of the E-field of the incident wave

2
. (140)

Eaxis

(TM) SE
Einc

Similarly, the shielding effectiveness for the TE incident wave
is defined as the ratio of the magnitude squared of the H-field
on the axis to the magnitude of the H-field of the incident wave

2
. (141)

Haxis

(TE) SE, =
h Hinc

The shielding effectiveness is usually expressed in terms of dB
notation. For eguations 140 and 141 the shielding effectiveness
in dB is

E. :

(TM) SE_(dB) = -20 log E°Xis ) (142)
inc
Haxis

(TE) SE;(dB) = -20 log |gXiS|. (143)
inc

To calculate the shielding effectiveness the values of the fields
on the axis must be determined. Using the series expansion of the
E-field in region III for the TM incident wave, equation 29,
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together with the fact that Jn(0)= 1 if n=0, and Jn(0)= 0 if
n=+1,+2,..., the field on axis is given by

(TM) E E.d,. (144)

axis

Similarly, from the series expansion of the H-field for the TE
case, equation 47, the field on axis is given by

(TE) H HoD,. (145)

axis *

Consequently, the shielding effectiveness for the TM and TE
incident waves are

(TM) SE, = |d°|2, _ (146)

(TE) SE, = ID, | 2. (147)

The quantities d, and D, are evaluated in Appendix B and

Appendix C, respectively. For the case of perpendicular incidence:
the final results for the shielding effectiveness for the TM and
TE incident waves take the following forms

(TM) SE;l/z = |ha + pp| E%EE' : (148)
(TE) sEgt/2 = |ha'+ wp'| —Hop (149)
where
n
A = 22 4 sin(s+is), (150)
fau
o= 2ne 4 cos(s+is), (151)
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a = y’HO(kb)Jo(ka) + k’Hl(kb)Jl(ka), (152)

B = yk[Jo(ka)Hl(kb) - Ho(kb)Jl(ka)], (153)
a' = k*Hy(kb)J,(ka) + y?H,(kb)J, (ka), (154)
and
B' = yk[Jo(ka)Hl(kb) - Jl(ka)Ho(kb)], (155)
where y y
1 -1/2 -1/2
A = = |yai |yb] . (156)
and
5§ = 2‘1/2|y](b—a). (157)

These results were derived by approximating the Bessel and Hankel
functions having the complex arguments 2z=ya and z=yb, by their
principle asymptotic forms. Consequently, these equations are not
exact, and they do not hold for all frequencies. However, as
discussed in Appendix B, these equations are sufficiently
accurate for all frequencies in the range vYwou,a>125.

The shielding effectiveness was calculated for a conducting
cylinder having an outer diameter of 155 mm., conductivity

10”7 ohm™'m™!, and thickness 0.1 mm. The results for the TM case
are shown as a solid curve in figure 3, and the results for the
TE case are shown as the so0lid curve in figure 4. The low
frequency behavior is not very interesting; below 10° Hz. the
shielding effectiveness decreases to 0 dB almost as a straight
line on a log-log plot like figure 3. For higher frequencies the
shielding effectiveness increases rapidly as is expected by
comparison with the behavior of a planar shield. Furthermore a
fine structure appears. It is well known that a pair of parallel
conducting planes gives rise to Fabry-Perot resonances, causing
increased transmission of the incident beam, when the distance
between the plates is equal to integer multiples of a half
wavelength. A similar resonant behavior is expected for the
cylindrical conducting shell, causing an increase in the
penetration of the cylinder by the incident wave. This is born
out by the theory. As can be seen in figures 3 and 4, the
shielding effectiveness shows sharp dips at the resonant
frequencies given by the zeros of the equations
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Jo.(ka)=0, for the T™ incident wave, and (158)

J,(ka)=0, for the TE incident wave. (159)

A derivation of the resonance conditions, equations 158 and 159,
is given in Appendixes B and C. The shielding effectiveness drops
by about 3 or 4 orders of magnitude at the resonance frequencies
in this example. Nevertheless, in practice, and especially for
thick shields this effect is negligible. Calculations of the
shielding effectiveness for a thick shield having a 1.0 mm
thickness prove this. The resonances are much less pronounced for
the thicker shield due to the overall magnitude of the
attenuation of the shield.

Using the solutions for the shielding effectiveness developed
in Appendix B and Appendix C an approximate closed form result
for the shielding effectiveness is derived in Appendix D. The
approximate formula, which is identical for the TM and TE modes,
is given by

SE = =5 , (160)

or, in terms of ds,

1/2 1/2}

SEgg = 10[log[z§:) - log(w) + (20M,) (b-a)log(e) w (161)

The shielding effectiveness calculated by using equation 161 is
plotted as a dashed curve in figures 3 and 4. The agreement with
the exact solutions is very good for frequencies in the resonance
regime. For lower frequencies this approximation breaks down. As
is shown in Appendix D, this formula diverges as w approaches
zero and therefore cannot be used for frequencies below

2 1
W, = H.0 (b-a)*’ (162)

However, the approximate formula 161 is very useful since it
allows shielding calculations to be made quickly on a hand
calculator without the need for complicated mathematics or
computer programs.
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8. ELECTROMAGNETIC FIELDS FOR THE SPHERE

A conducting sphere with inner radius r=a and outer radius
r=b is situated in empty space. The material parameters of the
conductor are €, H,, and o. The conductor is assumed to be a non-
magnetic material, so it is possible to set u=u,. A linearly
polarized planewave of frequency f is incident on the sphere. The
planewave propagates along the z-direction of a cartesian
coordinate system with the origin at the center of the sphere.
The total field in the region exterior to the sphere is given by
the sum of the incident field and the scattered field, that is,

E + E

Einc scat’

The time dependence of the field vectors is the same as that of
the incident wave, which is assumed to be e"iwt, where the

imaginary unit 1. -1 is used to prevent confusion with the
spherical Bessel function j(z). The fields of the incident
planewave are

E, = Eqe ’ (163)

H, = Hge , (164)

where k=w/c, c=1/J/u,e, is the speed of light, and H,=/€,/H, E,.
Following Stratton, the fields may be expanded in terms of the
vector spherical wavefunctions L, M, and N, since these functions
form a complete, orthogonal set of solutions to the vector wave
equation in spherical coordinates. The procedure is well known.
The fields of the incident planewave may be expressed by the
expansions

- ikz - n 2n+l N _ !
E1nc E.e ©x E°n§li n(n+l) [Mo,ln iNe,ln]pakr'(165)
H - metX? e - op, T ARZBAL e L] (166)
inc ° y °n=1 n(n+l) e,1ln o,1lntp=kr’
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where the vector spherical wavefunctions are given by

gp!

M5,1n ~ siie 3, (PIPL(cose) cosd ey - I (P) gg- Sind ey,  (167)
-1 dPI']

Ml 15 = SIng Jn(PIPp(cos8) siné ey - I, (p) Fg— cosé ey,  (168)

®

and

N, yp" ngg+1l 3, (P)PL(cos8) sind e + % [p3 (P ] g2 sine e, +

+ 35%55 [pi (e ] P (cos@) cosé e,, (169)
n(n+l) . 1 dpg
Né'ln= P Jn(p)Pﬁ(Cose) cos¢ er + 6 [pjn(p)]l I cosé ee +

- 35%33 [Pjn(P)]' Pﬁ(cose) sin¢ ey (170)

the prime denoting differentiation with respect to p. The
function jn(p) is the spherical Bessel function, and the function

Pﬁ(cose) is the associated Legendre polynomial with upper index

m=1., The wavefunction L is not required for expansions of the E
and H fields since the divergence of L is not zero. The
wavefunctions L, M, and N compose a fundamental set of solutions
of the vector Helmholtz equation, in spherical .coordinates

_UxVUxF + k’F = 0. (171)
Furthermore, the functions M and N satisfy the relations

VxM = kN, (172)

VxN = kM. (173)
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A derivation of the vector spherical wave functions, their
orthoganality relations, and other properties is given in [xx].
The scattered fields outside the sphere may be expressed in terms
of series expansions analogous to those used for the incident
fields. For r>b the scattered fields are given by

n_2n+l - s

Escat E, gli n{n+l) [anua,ln ibnNe,ln]paekr ’ (174)
4 © s0_2n+l s s

Hocat = H°n§li n(n+1) [boMe 1n* ianNo,ln]p=kr ’ (175)

where the wavefunctions with the superscript 3, M*? and N’, are
obtained from the defining relations for M! and N' by replacing

the

spherical Bessel function jn(p) with the spherical Hankle

function of the first kind hﬁ(p). Next, similar expansions for
the fields inside the conducting shell shall be obtained.

Assuming a time dependence of the form e

inside the conductor are given by

“10t | Maxwell's equations

VxE = iwu.H, (176)
VxH = (0-iwe)E, (177)
V*E = 0, (178)
VeH = 0, (179)
where the material equations are
D = €E, (180)
B = y.H, (lyl)
J = OE. (182)

The field equations imply that the
the vector wave equation
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field vectors E and H satisfy




VxVxE + Y2E = 0, (183)

VxUxH + y2H = 0, (184)
where

yz = lop,(c-iwe). (185)

Therefore, the fields inside the conductor, for a<r<b, have the
expansions

n_2n+l 1 - 3 -
E - E°n§11 n(n+1l) [enM o,1n* 9nMo,1n~ 1fnNe, 10 194N, ln]p =yr ’
(186)
n 2n+l 3 1
H - '%H° 2 S ey [EnMe,1n* 9nMe,1n* 1603, 10t 190N8 1nloeyr -
(187)

wavefunctions of both the first and third kinds are required to
be able to match the boundary counditions with both the exterior
and interior fields. Similarly, the fields inside the shielded
volume, r<a, have the following expansions

S .0 2n+1

E = E°n§li n(n+1) [pn o,1n” iq,Ne e, 1n]p kr ’ (188)
n 2n+l

H = H°n§li n(n+l) [qn e, in? ipn o, 1n3p=kr ' (189)

Only the wavefunctions of the first kind may be used in these
expansions since the fields must be finite at the origin.

The next step in the solution of the boundary value problem is
to match boundary conditions. The boundary conditions on the
field vectors require that the tangential components of the field
vectors E and H must be continuous at the boundaries r=a and r=b.

The condition that the tangential components of E are continuous
at r=b implies
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jn(kb) + anhn(kb) = cnhn(yb) + dnjn(yb), (190)

e e ]+ bplehnte) ] Youkp = {£plebpter '+ g ledpted ] o yp:
(191)

The condition that the tangential components of H are continuous
at r=b implies

j (kb) + b h (kb) = Y [fh (vb) + g 3 (¥Yb)],  (192)

([p3pter ] + ajlehpte) ]}y = {eplebpte ]t + & ledpm ]t Y yp
(193)

The condition that the tangential components of E are continuous
at r=a implies

Cabp(ya) + d j (ya) = p i (ka), (194)
(galehpe ] + gpled e 1'Yoya = £ aplledpe ] ) pyar (195

And lastly, the condition that the tangential components of H are
continous at r=a implies

£ [£f.h (ya) + g 3 (va)] = q.i (ka), (196)

{cyleh (P2 ] + dn[pjn(p)]'}p,ya = pn{[pjn(p)]']p,ka~ (197)

These are all the required boundary conditions. This set of
equations constitute a nonhomogeneous system of eight equations
in eight unknowns. The solutions of this system yield the
expansion coefficients for the fields. To investigate the
shielding properties of the conducting sphere it is necessary to
solve for the fields inside the shielded volume. This implies
that it is necessary to solve for the coefficients Py and q,- To

avoid the direct evaluation of 8x8 determinants the system shall

48




be reduced to a system of 4x4 equations which shall then be
solved by Kramer's rule. The coefficients an, bn' Pp- and q,

shall first be eliminated from the eight equations to yield four
equations in the four unknowns Ch» dn' fn' and 9, Having solved
the 4x4 system of equations, the coefficient p, may be calculated
from = and dn by using equation 194, and the coefficient q, may
be calculated from fn and 9, by using equation 196. To eliminate
a. solve equation 190 for a,. and then substitute the result
into equation 193. Omitting the subscript n from all the
expansion coefficients and all the Bessel and Hankel functions
for simplicity, this procedure yields the result

c[ry(yb)h(kb) - Tp(kb)h(yb)] + A[T (yb)h(kb) - T, (kb)j(yD)] =

= I‘j (kbyh(kb) - I‘h(kb)j(kb), (198)
where rh(Yb) = {[phn(p)]']payb’
Fj(kb) = {[pjn(p)]']p=kb' etc. (199)

The right-hand-side of equation 198 may be simplified further by
taking the derivative in the I''s yielding

p[3'tPIRtp) - b (P I(P) ], ks

then, substituting h(p) = j(p) + iy(p), this equals
-ip[3p(PIypte) - Br(PIYL(P) ] ookpe

The bracketed term is the Wronskian of jn(p) and Yh(P). which

equals 1/p?. Thus, the left-hand side of equation 198 takes the
form

I, (kb)h(kb) - Ty (kb)j(kb) = i

]
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To recapitulate, equation 198 takes the simplified form

e[y, (ybyh(Xb)-Ty (kbyh(yb)] + a[ T, (YB)h(Kb)-T, (kKDY (¥D)] = K-

(200)

Next, to eliminate bn solve equation 192 for bn' and then
substitute the result into equation 191. This yields

2 2
£{Ty(vb)h(kb) - f.Ty (kb)h(yb)] + g[Ty(ybyh(kb) - L.Ty(kb)3(yD)] =

£ [rj(kb)h(kb) - T, (kb)j (kb)]

£ plIp(eing(e) = hite)I ()] Ly
- I (201)

To eliminate ) solve equation 194 for Pp- and substitute the
result into equation 197. This yields the equation

c[r, (ya)j(ka) - rjtkayh(ya)] + d[ry(ya)j(ka) - rytka)icya)] = o.
(202)

Lastly, to eliminate a, solve equation 196 for q, and substitute
the result into equation 195. This yields

£[Tp(ya)i(ka) - f.r, (ka)hiva)] +

+ glry(va)j(ka) - f.Tyka)j(ya)] = 0. (203
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The reduced system of equations is given by the four equations
c[r,(yb)h(kb) - Ty (kb)h(yb)] + a[Ty(yb)h(kb) - I} (kb)j(yb)] = =

c[ry(ya)i(ka) - ry(ka)h(ya)] + d[ry(ya)j(ka) - Ty(ka)jiya)] =0
2 2 -1
£ry, (vb)h(kb)~f. Ty (kb)h(yb) ] + g[Ty(ybyh(kb)-E.T) (kD)I (vD) ]= § £

£{ry(va)j (ka)-f.ry(ka)h(ya)] + g[ry(va)i(ka)-£.Ty(ka)i(ya)] = o.

The matrix of coefficients has the convenient block form

(e Ne)
[e N o)

(204)

o O
OO0 ~
-

where W, =
[Ty (YP)h(kb) - Ty (kb)h(yb)]  [Ty(yb)h(kb) - T} (kb)j(yb)]
[rh(ya)jka) - rj(karh(ya)] [rj<ya)j(ka):- ry(kayj(ya)]
and W, =

2 2
[y (yb)h(kb) - L.ry(kb)h(yb)]  [Ty(yb)h(kb) - £.T) (kb)I(yb)]

2 2
[rh(va)icka) - LT ckah(ya)]  [Tytya)j(ka) - fury(ka)i(ya)]
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The determinant D is given by D = W,W,. Evaluating the
determinants W, and W,, and rearranging terms to group together
the functions containing the complex arguements z=ya and z=yb
gives the result

W, = J(ka)h(kb)[Ty(va)Ty(yb) - Ty(yb)Tp(va)]; +

+ Ty(ka)h(kb) [h(va)Ty(yb) - J(ya)Ty(yb)],

+ J(ka)Ty (kb) [Ty (v2)J(yb) - Ty(ya)h(yb)],

+ Ty(ka)Ty (kb) [§(ya)h(yb) - h(va)i(yb)],. (205)

and

E
"

j(ka)h(kb) [Ty (va)Ty(yb) - Tp(ya)ry(yb)]; +

+

2
Ty (ka)h(kb)E, [h(ya)ry(vb) - J(va)T (v ],

+

2
3 (ka)Ty (kb) £, [Ty (va)J (¥b) - Ty(ya)h(yb)],

+

Ty (ka)Tp (kb)E [ (ya)h(yb) - heya)yj(yb)],. (206)

The bracketed terms have been numbered from 1 to 4, for further
reference. Now it is possible to solve for the coefficients c and
d to obtain p. Using Kramer's rule, the coefficient c is given by
c = U,/D, where

i [ry(yb)h(kb)

T, (kb)j(yby] o0 0

!

0 [ry(yva)j(ka)

432 0

ry(ka)j(va)] o o0
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-1
thus, c = E [rj(ya)j(ka) - rj(ka)j(ya)] W,. (207)

Similarly, solving for 4, d = U,/D, where

[, (yb)h(kb) - T (kb)h(yb)] £ O O
[rj(ya)i(ka) - Ty(kayjeya)] o o o
u, = ;
0 L -1
kb
W,
0 0
+1i
thus d = f [ty (ya)i(ka) - rj(ka)h(ya)] W.. (208)

Now solve for p from equation 194. The solution for p is

SIS ST O

b ya (209)

p = & PlB (PII(P) - 3 (PIR(P)] LW

Next, solve for f and g to obtain gq. The solution for f is given
by £ = U,/D, where

i% 0

0 0
U, = H

- 2
0 o Yg [rjvpih(kb) - Eiry (kb)Y (yb) ]

W,

o o 0o [ryrya)j(ka) - f.Ty(ka)i(va)]

53




thus £ = ¥gh[ryovaricka) - fLry(kadicya)] W, (210)

The solution for g is g = U,/D, where

0 %
W,
0 0
UQ b H

2 -1
0 o [ry(yb)n(kb) - L,T(kb)I(vD)] E g

o o [ryya)itka) - fry(kayi(ya)] o

thus g = % %% [rh(ya)j(ka) - %:rj(ka)h(ya)] W,. (211)

Now solve for q from equation 196. The solution for q is

qa - 5t ;; . L. (212)

The solutions fur the expansion coefficients which have been
obtained in this section, and p and g in particular, are exact.
Although the integer subscript n has been omitted (P=P,- 9=9;.

etc.), the results hold for all n=1,2,3,.... Thus, the exact
solution for the electromagnetic fields for scattering from a
spherical conducting shell have been obtained.

Next, the explicit solutions for p and q shall be used to
obtain the shielding effectiveness of the sphere. Since the
shielding effectiveness only depends on the cavity fields, the
fields in the conducting walls and in the exterior region are not
required. Consequently, explicit expressions for the coefficients
a, ', ¢, & f and g are not required in the analysis.
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9. SHIELDING EFFECTIVENESS OF THE SPHERE

The shielding effectiveness shall be calculated with
reference to the fields at the center of the sphere. The
shielding effectiveness is most commonly defined as the ratio of
the magnitude squared of the electric field at the center of the
sphere to the electric field of the incident planewave,

E(r=0)|?

SE_ =
Einc

(213)

This definition shall be called the electric shielding
effectiveness. Similarly, the shielding effectiveness may be
defined as the magnitude squared of the ratio of the magnetic
field at the center of the sphere to the magnetic field of the
incident wave,

2
H(r=0) . (214)

SE
Hinc

This definition shall be called the magnetic shielding

effectiveness. Another definition may be given in terms of the
energy of the fields as the ratio of the energy density at the
center of the sphere to the energy density of the incident wave

SE = 2 %iEin . : (215)
inc

This definition shall be called, simply, the electromagnetic

shielding effectiveness. The factor of two is included so the
shielding effectiveness goes to 1 as the frequency f goes to

zero. It will be shown that for planewave incidence

SE = SEe + SE_.

- (216)
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In terms of the complex fields, and in free space, the energy
density is given by the relation

U = 3[e,BeE"+ n,HeH' ). (217)

The energy density of the incident planewave is

Us = 3E.E3 = ZHHI. (218)

To proceed with the calculation of the shielding effectiveness,
first note that since jn(r-O) = 0 for n=1,2,3..., then

(M

olln)pto ol n'l,z,ao-o, (219)

(M 0, n=1,2,3... . (220)

s 1n)
e,ln’p=0

Also, from the identity

[pi (o]t = sE5ln+n)i _;(p) - 03, (], n=1,2,3...,

and the fact that

Lim jn(p) 1/3 for n=l,

p->o p 0 for n.2’3,4ocol

the only nonzero wavefunction at p=0 of the type N is

lné,ll]p-o = % [Sinesin¢ e, - cosésing eq + cos¢ eo], (221)
(Né,l’]p-o = -% [cosecosd e, + siné e¢]. (222)
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Therefore, the fields take on a particularly simple form at the
center of the sphere since only one term in the series expansions
is nonzero, the fields are given by

3
E = 3 E,q,Né'11|p=o, (223)

Hop,N} (224)

,11'p=0'

Nfw

Therefore, the magnitudes of the electromagnetic fields at the
origin are

2
el = [E.|?]a,|? (3)? N2 31°N8 11lpm0 = (Bl la: |2, (225)
2 2 2 (3,2 2 2
|H| = IHO' Ipxl [5] Né,ll.Né,lllp=0 = lHoI |P:l . (226)
The shielding effectiveness, then, is given by

SE_ = |q,|? (227)

e ’
SE_ = |p,]|? (228)

m r’
SE = |p,|%+ |a. |2 (229)

This establishes the relation between the three definitions of
shielding effectiveness given by equation 216. Substituting for p
and g from equations 209 and 212, the final formulas for the
electric and magnetic shielding effectiveness take the form

-1/2 1

SE_ = 19T - [k/y|(ka) (kb)|w,. |, (230)
-1/2 1
SE_ 5T lya](kb)lw,f. (231)
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where W, and W, are given by equations 205 and 206, respectively.
Similarly, the electromagnetic shielding effectiveness takes the
form

SE = [|k/y|(ka)(kb)|w,|]’2+ [|ya|(kb)|w,|]‘2 (232)

In terms of dB, the shielding effectiveness takes the form

SE, (dB) = -20 Log|g,| = 20 Log(|k/y|(ka)(kb)|w,]|), (233)

SE, (dB) = -20 Log|p,| = 20 Log{]|ya|(kb)|w,]|]. (234)
and

SE (dB) = -10 Log[]p,|2+ |qxl2]

= -10 Log{(|k/y](ka)(kb)|W.|)"%+ (|ya] (kb |w,])"2). (235)

All these results are exact. The spherical Bessel and Hankel
functions which are needed to calculate these quantities are
given in Appendix F. Appendix F also gives various approximations
for the spherical Bessel functions which are used in the
numerical calculations. For the low-frequency calculations the
quantities p, and q, are calculated from equations 209 and 212 by
calculating W, and W, directly from equations 205 and 206. For
the high-frequency calculations the brackets (1. [1,. [15 and

[]4 which appear in equations 205 and 206 cannot be evaluated term

by term for reasons explained in Appendix F. Therefore some
approximations must be made to evaluate these quantities. The
details of these approximations are given in Appendix F.
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10. NUMERICAL CALCULATIONS FOR THE SPHERE

The shielding effectiveness is now calculated for a spherical
shell with inner radius a=77.4mm and outer radius b=77.5mm. The

conductivity of the sphere is 0=10 ohm™'m~1 which is
representative of good conducting materials such as copper or
aluminum. The results of the numerical calculations for the
electromagnetic shielding effectiveness at low frequencies is

shown in Figure 5. This plot covers the frequency range from 10

to 107 Hz. As the frequency approaches zero the shielding
effectiveness goes to one, that is, zero dB, as expected. As the
frequency goes to zero the magnetic shielding effectiveness SEm

approaches one since a static magnetic field is not shielded by
the conductor. On the other hand the electric shielding
effectiveness SE, goes to zero since a static electric field

cannot penetrate the conductor, that is, the electric field
inside the cavity is zero. Therefore, the electromagnetic
shielding effectiveness goes to 1 since SE = SEg+ SE, .

3

It is remarkable that for frequencies from about 7x10° to

1x107 Hz the shielding effectiveness is practically a straight
line. The slope of this part of the graph is 20 dB per octave. A
straight line approximation is roughly

SE (dB) = 20log(f) + C,

where the point at which the straight line intersects SE=0 dB is

C = -20log(f,), where f£,= 5x103 Hz. Therefore the shielding
effectiveness is approximately given by

SE (dB) = 20log(f/f,), (236)

or SE = (f/f,)" 2. (237)

This is a very interesting result. According to equation 237 the
shielding effectiveness goes as one over the frequency squared.

Since the shielding effectiveness is equal to the square of the

transfer function of the cavity iields with respect to the
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incident fields this simple result suggests that analytical
expressions may be obtainable in the case of an incident
electromagnetic pulse. This idea will be developed momentarily.
First the low frequency results for the electric field shielding
effectiveness will be discussed. No graphical results are given
for this case since they are not very interesting. The numerical
results show that the electric shielding effectiveness decreases
approximately as a straight line over at least seven orders of

magnitude from 1 Hz to 107 Hz. The slope of the straight line is
-20 dB per octave. Therefore, the electric field shielding
effectiveness is given by the approximate equation

SE4(dB) = -20log(f) + C. (238)
At f=1 Hz, the calculations give SE_=C= 283.8 dB, and therefore
SE_(dB) = -20log(f/f,), (239)
2
or SEe = (f/f,)°, (240)
where f,=1.549x10%4.
The approximate forms for the shielding effectiveness just

obtained imply the relations

H(O) 1

= (w/w,) , (241)
Hinc °
gigl = (w/w,) L. (242)
inc

These simple transfer functions may be used to obtain an
analytical expression for the fields at the origin when the
incident planewave is a pulse. In cases when the frequency
spectrum of the pulse is bandlimited to the range of validity of
equations 241 and 242 the response may be obtained by using
Laplace transforms. For example, in the case of a high altitude
nuclear burst the resulting electromagnetic pulse will have a
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waveform which is approximated very well by the double
exponential

E;(t) = Eoy (e™Ph ™), b0, (243)

where a-4.76x108 s™! is the rise-constant, ﬁ=4x106 s'lis the

decay-constant, E =50 kV/m is the peak electric field, and y=1.05
is a normalization factor. For the sphere diameter chosen in this
report the frequency spectrum of this pulse lies almost entirely
within the range of validity of 241 and 242. Therefore, using 241
and 242, the attenuated fields at the center of the sphere will
have the Laplace transforms

H(s) = §Hi<s), (244)
E(s) = Bs Ei(s), (245)

where Ei(s) and Hi(s) are the Laplace transforms of the incident

pulse, A=2mf,=3.14x10%, and B=1/0,=1.03x10"*°. From 243 the
Laplace transform of the incident electromagnetic pulse is

a

RS = P TaigydeEy

(246)

where F stands for either H or E. Therefore, taking the inverse
transform the fields at the center of the sphere are found to be

H(t) = AH,y [%[1 + e'°t) - %[1 + é'pt)], (247)
E(t) = BE,Yy [ae““t- pe'ﬁt]. (248)

The analytical solution for E(t) is not of much practical value
because the attenuation factor A is so great. Nonetheless, these
expressions are a good approximation for the EMP response of a
spherical shield of these dimensions, i.e., a=77.5mm. As a final
comment, note that it is not necessary to use Laplace transforms
directly. Using the properties of the Laplace transform the
expressions 244 and 245 imply that the response in the time
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domain H(t) and E(t) are just the integral and the derivative of
the respective inputs Hi(t) and Ei(t).

Consider next the high-frequency results for the spherical
shield shown in Figure 6. These high frequency calculations were
made by making certain approximations to the spherical Bessel and
Hankel functions which are detailed in Appendix F. The results
which are given in Figure 6, however, are entirely accurate. The
most prominant feature in this Figure are the sharp dips above

109 Hz. These are resonances similar to those obtained for the

cylindrical shield. The resonance condition for the spherical
shield are derived in Appendix F. The resonances occur when
either of the following conditions is met:

j,(ka) = 0, (249)

[p3 () ka = O (250)

The first few zeros of equation 250 are listed in Appendix F. In
general, the shielding effectiveness is reduced by three or four
orders of magnitude at resonance. However this effect is
negligible when compared to the overall magnitude of the
attenuation at these frequencies. As in the case of the
cylindrical shield an approximate formula for the shielding
effectiveness is derived in Appendix F which has the form

BWE o e-JZwouo(b-a).

SE = S

(251)

This approximate formula is plotted as a dashed curve in

Figure 6. Note that this is the same formula obtained for the
cylinder, equation 161, except for a factor of 2. A comparison
between this formula and the exact solution shows that this is a
very good approximation for frequencies in the resonance regime.
As explained in Appendix F, this formula has a lower limit on its
range of application since it diverges for lower frequencies.
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CONCLUSIONS

The theory of electromagnetic shielding has been presented for
a circular conducting cylinder and a conducting sphere. Starting
from first principles, the complete solutions for the
electromagnetic fields were developed first for the scattering of
a planewave by a cylindrical conducting shell, and second for a
spherical conducting shell. The shielding effectiveness of the
cylinder was defined with respect to the fields at the center of
the cylinder (on axis), and the shielding effectiveness of the
sphere was defined with respect to the fields at the center of
the sphere. In each case the fields at the origin have
a particularly simple form since all the terms in the series
expansion vanish except for the first one, and therefore it is
possible to exibit a single expression for the shielding
effectiveness. This is desirable from a practical point of view
since problems with convergence of infinite series may be avoided
in the numerical calculations.

The most outstanding feature of the shielding effectiveness is
the existence of resonances. In general, a series of discrete
resonances occur for high frequencies where ka>l. The
electromagnetic resonances for the cylinder and the sphere have
been investigated in detail and the resonance conditions have
been derived for both structures. In addition, an asymptotic
formula for the shielding effectiveness has been developed which
appears to be a good approximation in the resonance regime. To
this authors knowledge this result is new and it has not been
published in the open literature. While this formula does not
reproduce the resonances, it does account for the average
magnitude of the shielding effectiveness in the high frequency
limit.

Numerical calculations were performed for bdéth the cylinder
and the sphere, and the shielding effectiveness was plotted as a
function of frequency for a shield with an outer diameter of
155 mm, a thickness of 0.1 mm, and a conductivity of

107 ohm™*m™}. The results are given in figures 3, 4, 5, and 6. As
expected, the features of the shielding effectiveness are
qualitatively and quantitatively similar for both the cylinder
and the sphere. The magnitude of the frequency dependence of the
shielding effectiveness is the same for both structures. Both
structures show similar resonant behavior, although not at the
same resonant frequencies. And, both structures have identical
asymptotic forms for frequencies in the resonance regime. The
almost linear increase of the shielding effectiveness at low
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frequencies which was discovered for the sphere could not be
demonstrated analytically. However, this is believed to be a
general feature of the solutions for both the cylinder and the

sphere.
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APPENDIX A

NUMERICAL CALCULATION OF BESSEL FUNCTIONS
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To calculate the series expansion coefficients it is necessary
to evaluate Bessel and Hankel functions of both real and complex
arguments. Specifically, it is necessary to evaluate J,(2),
J,(z2), Hoe(2), and H,(2z), and the first derivatives of these
functions, where z is in general complex. The Bessel function of
the first kind is defined by the series

w k
3. (2) =kEOW§-ﬁ%—)—, (2)2%*" . ne0,1,2,... (-1

The Neumann function, or Bessel function of the second kind, is
defined here for positive integer indicies by

‘nkl! (]an

:IH

Y (z) = Z[y+ n($)]a (z) - k .

- % kz' ﬁﬁ#[ zy2k+n (1 +"‘+E+ 1+—+ +E_} (A-2)

In the case n=0, the second term in this definition, the finite
sum from k=0 to n-1 is omitted. This term is not present in the
definition of Y,(z). For negative indicies the Bessel functions
shall be defined by

n
J_pl2) = (=1)" J (2) ., \ (A-3)

n
Y_n(z) = (~1) Yn(z) . (A-4)

The Hankel functions are defined in terms of the Bessel functions
by the relations

Hﬁ(z) = Jn(z) + iYn(z) , (A-5)

HS(z) = Jn(z) - iYn(z) . (A-6)
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The Bessel functions are calculated in two different ways
depending on the magnitude of z. The series expansions Al and A2
are used when |z|S 10, and the asymptotic series expansions are
used when |z|>10. Using the defining equation Al the real and
imaginary parts of the Bessel functions are

w k
Re[Jn(z)] = kzo ET%%%%TT (-g-]2k+n cos[ (2k+n)e] , (A-7)

o k
Im[J_(z)] = kzo ET%%%%TT [%]2k+n sin[ (2k+n)e] , (A-8)

where 2z = reie . These series are used to calculate the Bessel

functions J,(z) and J,(z) when |z|£10. If the series is truncated
after the 26th term, then the error is of the order of the first

term neglected, roughly 107 '® for |z|=10. For the Bessel function
of the second kind the real and imaginary parts are given by

Re[Y,(2)] = % {Re[Jo(2)](y+1ln(r/2)) - 6Im[J.(2)] - So} .
(A-9)

Im[Ye(z)] = 2 {Im[3,(2)](y+1n(r/2)) + 6Re[Jo(2)] - To)
. (A-10)
Re[Y,(2)] = % {rRe[J,(2)](y+1ln(r/2)) - eIm[J,(2)] - %cose -s,} ,
(A-11)
Im[Y,(2)] = % {Im[J,(z)](y+1ln(x/2)) + 6Re[J,(2)] + %sine -T,} .,

(A-12)

wnere y = 0.577215664902 1is Euler's constant; and S,, S,, T..
and T, are given by the following series:
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- k_2k

So = 3 SplE— (143+43+...45) cos(2ke) (A-13)
k=1 2“7 (k!)
w k 2k 1, 1 '
T, = i—El———— (1+ «..+g¢) sin(2ke) , (A-14)
- (k)2 3* k
k 2k+1
(-1) 1.1 1 1
S, = [2(145+3+. . .+F) + cos(2k+1)6, (A-15)
YT % zk+2k.(k+1)! 2 3 k EIT]
e k 2k+1
(-1) 1.1 1 1
T, = [2(145+5+. . +5) + ] sin(2k+1)8. (A-16)
1 k§0 22k+2k!(k+1)! 23 k k+1

To calculate Y,(z) and Y,(z) these series are truncated after the
26th term.

If the magnitude of z is greater than 10, |z|>10, then the
Bessel functions are calculated by using the asymptotic expansion

3 (2z) = (%]1/2 z—l/z{pn(z)cos[z-(2n+l)%] - Qn(z)sin[z—(2n+l)§]],
(A-17)

Y (2) = [%—]1/2 z_l/z{Pn(z)sin[z—(2n+1)%] + Qn(z)cos[z—(2n+1)%]];
(A-18)

where

P (z) =1 - (4n®-1) (an®-9) Lgn -1) (4n? -9)(4n -25) (4n° -49) _

n 2!(82)2 4'(82)
(A-19)

2 2 2 2
Q. (2) = (ggz-l) _ (4n“°-1)(4n -9%(4n -25) ., . (A-20)
3!1(8z2)
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The cooresponding asymptotic expansion for the Hankel function of
the first kind is

I

1
(2)12 272 {p (2) + 10 (2)) eilZ(m43)3] (aan,

Ha(z) -

When 4 terms are retained in equations A-19 and A-20 the error in
the calculated values of the Bessel functions Jo(2), Ji(2),
Y,(2), Y,(2), or the Hankel functions Ho(2), or H,(2), is less

than 1x10”7 for |z|>10. The accuracy improves as |z| increases.

The derivatives of the Bessel functions are calculated from
the functions themselves by means of the following identities:

T, eevim , Bl oy (A-22)
Jplz) = Jp .(2) - 3 3.(2) , ne=1,2,3... ; (A-23)
¥i(z) = Y _.(z) - % Y (2) ., n=1,2,3... ; (A-24)
Hp(z) = Hy_,(2z) - 3 H (2) , n=1,2,3,... ; (A-25)

where Hn(z) stands for either Hﬁ(z) or Hﬁ(z), the Hankel function
of the first or second kinds.
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APPENDIX B

CALCULATION OF 4,
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For the physical parameters considered in this study, and for
the frequency range of interest, the Bessel functions may be
evaluated for the complex arguments z=ya and z=yb, by using the
principle asymptotic forms for the Bessel and Hankel functions.
The asymptotic form for the Bessel function is given by

1/ -1/
T - B2 2 cosan(nidiE]
17 Iy
[2;211/2 {ei[x—[n+§]§] e Y + e-i[x-[n+5]5] e+Y] ; (B-1)

and, for the Hankel function of the first kind by

2,1/2 _-1/2 _i[z-[n+$)Z]
Hn(z) [E] 2 e 272

1
- (2)1/2 z—l/2 ei[x-[n+§]g] e~y

= (B-2)

where z = x+iy. A further approximation is helpful. Using
equation 21, and considering the relevant physical parameters,

that is, f 2 5x10* Hz, 0=10’ ohm ‘m™!, and bda 2 7.5 mm, yields

ly| = (one0)Y/2 > 198s,
. 1 -1y 6,y . T
and Arg(y) = 3 tan [eow 7.’

which together imply

y = 2712|ya| > 1o0.

Therefore, the first term in equation B-1 may be neglected
compared to the second term. This yields the further
approximation

J_(2)

n (B-3)

1l
(372
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The calculation of 4, involves the calculation of a numerator
and a denominator. The denominator is given by equation 41, with
n=0. Evaluating the determinant yields

V = yHy(kb) [ yJy(ka) (Ji(yb)Hj(ya) - Jy(ya)Hi(Yb)], +

kag(ka) (Jo(va)Hy(yb) - Ji(yb)Hy(ya)], ] +

-kH} (kb) [ kJg(ka) (Jy(ya)H,(yb)

Jo(YD)H (va) ), +

+ y3y(ka) (I (yb)Hi(ya) - Jp(ya)Hy(yb) ), ] . (B-4)

The inner brackets have been numbered from 1 to 4. These inner
brackets may be evaluated by first using the identities A-21 for
the derivatives, and then substituting the required asymptotic
forms B-2 and B-3. The evaluation of bracket number 1 according
to this procedure goes as follows:

(], = J4tybIHS(ya) - J4(ya)H)(yb) (B-5)

= J,(Yb)H (ya) - J,(ya)H, (yb)

= Ac[e‘i(xz‘xl) e(Yz'Yx) - ei(xz‘xa) e’(Y:‘Y:)]' (B-6)
where
-iT
A = % lya|-l/2 bel-l/Z, ¢ =e 4’ (B-7)

vya = x,+iy,, and yb = x,+iy,.
Using the approximation: Arg(y) = n/4, which is valid for all

the physical parameters of interest, implies

X;-X, = Y,-y, = &, where 6 = z—l/zlyl(b-a). (B-8)
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Using this result, equation B-8, the first bracket, equation B-6,
takes the following form

(), = ag{e 185 6156-5]] (B-9)

= A/2 { [cos(8)sinh(s)-sin(s)cosh(s)] +
- i[cos(6)sinh(6)+sin(6)cosh(s)] } . (B-10)
This latter form is useful for making calculations. Evaluating

the next bracket, bracket number 2, in exactly the same way
proceeds as follows:

(P

Jolya)Hy(yb) - Ja(yb)Hj(ya) (B-11)

J, (yb)Hq(va) - Jq(ya)H, (yb)

agi{e 106 + 1876 (B-12)

= A/2 { [cos(6)cosh(6)+sin(s)sinh(6)] +
+ i[cos(6)cosh(s)-sin(6)sinh(6)] }. (B-13)

This completes the evaluation of bracket number 2. Proceeding
similarly with bracket number 3:

(J3 = Jylya)Hy(yb) - Hy(ya)J,(yb) (B-14)
= Ac{eme'6 - e'ises] (B-15)

= A/Z { [sin(6)cosh(6)-cos(6)sinh(6)] +

+ i[cos(6)sinh(6)+sin(s)cosh(8)] }. (B-16)
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This completes the evaluation of bracket number 3. Lastly, the
evaluation of bracket number 4 goes as follows:

( )y = Jy(yb)Ey(ya) - J)(ya)H,(Yb) (B-17)

=  J;(ya)Hy(yb) - H,(ya)J,(yb)
= ACi{eiGe-s + e-ises} (B-18)

= A/2 { [cos(8)cosh(s)+sin(6)sinh)6)] +
+ i[cos(8)cosh(§)-sin(8)sinh(§)] }. (B-19)

This completes the evaluation of bracket number 4.

Having evaluated each of the inner brackets 1, 2, 3, and 4 in
the denominator, equation B-4, the following relations have been
established:

[ ]1 = —[ ]3 = A, (B-20)

(), = (), = w. (B-21)

These equations shall define the two parameters A and u. Using
these parameters, the denominator takes the following form

V = yH,(kb) [yJo(ka)A + kJé(ka)u] +
kHY (kb) [kJé(ka)A - yJO(ka)u] (B-22)
= A[y*Hy(kb)J,(ka) + k?H, (kb)J, (ka)] +

-yku[Ho(kb)Jl(ka) - Hl(kb)Jo(ka)]

or V = Aa + up (B-23)
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where

a = y’HO(kb)Jo(ka) + k‘Hl(kb)Jl(ka), (B-24)

B = yk[Jo(ka)Hl(kb) - Ho(kb)Jl(ka)]. (B-25)

Equation B-23 is the final result for the denominator. The
parameters a and B, given by equations B-24 and B-25, contain
products of Bessel functions of real arguments. In general, these
must be calculated by the methods described in Appendix A. The
denominator is calculated by first calculating A, u, a, and B,
from equations B-10, B-13, B-24, and B-25, respectively, and
then using B-23.

The next element in the calculation of d, is the numerator,

which is given by equation 40 with n=0. Evaluating the
determinant gives U,=

yk[Hy(kb)J4(kb) - J,(kb)HY (kb) ][I (ya)Hy(ya) - Hj(ya)T)(ya)]
= vk[Hy(kb)J, (kb) - J,(kb)H, (kb) J[J,(ya)H, (ya) - Hy(ya)J,(ya)];
which, using the definition A-5, becomes
= vk[J, (ko) ¥ (kb) - I, (kb)Y  (kb) ][I (ya)¥, (ya) - Yy (ya)J,(ya)].

The expressions in brackets may be simplified by using the
identity

[Jn+1(z)Yn(z) - Jn(z)Yn+1(z)] = 2/mz .

Therefore, the numerator takes the final form

0, = n—%—a~5 . (B-26)
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This result is exact. The coefficient d, is the quotient of the
numerator B-26 and the denominator B-23. In practice, however, it
is easier to calculate the reciprocal of d4,, which is given by

1 n2ab
3 = (M + up) 7 . (B-27)

It is important to specify the conditions under which this
result is valid. Essentially, equation B-27 is a good
approximation as long as the principal asymptotic forms are
valid. Generally, the error in the principal asymptotic forms for
the Bessel functions decreases for increasing |z|. For example,

when |z|>125, the error is less than or equal to 3x107°;
when |z|>1250, the error is less than or equal to 3x10”%; and

when |z|>12500, the error is less than or equal to 3x107°. It
will be assumed that the results of this appendix are valid when
|z|>125. This choice for the validity criterion, while somewhat
arbitrary, is substantiated by accurate calculations of 1/4d,
which show that for all the cases studied in this report the

error in B-27 is less than or equal to 10™° when |z|=125. For the
arguments z=ya and z=yb, this condition is satisfied when
l|yal>125, which implies

lyal = You,0a > 125, (B-28)

For the ranges of physical parameters considered in this appendix
this criterion places a constraint on the minimum frequency f

for which equation B-27 is applicable. For a given conductivity
o, and a given radius r=a, Table B-1 gives the minimum frequency
obtained by equation B-28.

Finally, the resonance condition for the T™M modes will be
derived. It is known that electromagnetic resonance occurs for
certain discrete frequencies, and that this causes a reduction in
the shielding effectiveness at those frequencies. The shielding
effectiveness may be reduced by 3 or 4 orders of magnitude due to
this effect. By comparison with the resonance condition for a
pair of parallel conducting planes separated by a distance 2a, it
is logical to expect a resonance to occur when the inner diameter
of the cylinacr is an inteyral number of half
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Table B-1. Minimum frequency for a given cylinder radius.

a mm o o im?! f Hz
63.0 1x107 2 5x10*
44.4 1x107 2 1x10°®
19.9 1x10’ 2 5x10°
14.0 1x10’ 2 1x10°¢
4.45 1x107 e 1x10’

wavelengths, that is, 2a = n(A/2). Using the result for the
shielding effecciveness, equation B-27, it may be shown that the
resonance condition for a pair of concentric cylinders is

Jo.(ka) = 0. To prove this, first note that as the frequency
increases from zero, the first resonance occurs approximately
when (A/2)~2a, or f~(c/4a). For such large frequencies, that is,
f>(c/4a),

o= (SSMe)l/2(paay > (REILEN/Z, 47, (B-29)

where it is assumed that 4 = (b-a)/a > 0.001, a>7.5 mm, and
65107 ohm™im~?!

regime. If terms of the form e'6 are neglected in the defining
relations B-20 and B-21, for A and u, respectively, then this
shows that u=iA. Therefore, the inverse shielding effectiveness
is approximately proportional to

. This frequency range will be called the resonance

INa + ug| = |A(a+ip)| = |A||a+ip]. (B-30)

Since |[A| - e’ is an increasing function of frequency, the
resonance phenomena must arise from the a+ip term. Studying this
term in detail shows that since, for frequencies well below the
infrared, |y?|: |yk|>>|k?|, ‘he dominant term in a+ip is

the y? term:
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a+ip =~ y2?H,(kb)J,(ka). (B-31)

Consequently, the minima in a+ip occur when J,(ka) = 0. This
establishes the resonance condition for the TM modes. Note that
since the zeros of J,(x) and J,(x) alternate for x real, neither
a or B is ever zero, and consequently the shielding effectiveness
never goes to zero. The resonant frequencies are given by

ka = Jj.(n) , n=1,2,3,... 3 (B-32)
or f = 5%3 Jo(n) , n=1,2,3,... ; (B-33)

n

where j,(n) are the nth zeros of J,(x).
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APPENDIX C

CALCULATION OF D,

8l




The calculation of D, is similar to the calculation of 4,
given in Appendix B. The magnitude of D, is essentially the
inverse shielding effectiveness in the TE case, as IdoT was in
the T™™ case. D, is given by equation 54. By expanding the
determinant in equation 59, the denominator is given by Y=

Hy (kb) (gdoz) { dptke) (535s) [3g(ybiHy(va) - Jy(yainy(yb) ], +

- 1oz J5(ka) [Jg(vaHy(vb) - 3y (yb)Hy(va)],) +

_%EoHé(kb) { 1%,36“‘3’ [35(va)H (yb) - J (yb)H (ya)]; +

Jo(ka) (gdgz) [9,(ypimy(ya) - Jg(yarHy(yb) ], ). (C-1)

The inner brackets are numbered 1,2,3, and 4 for easy reference.
Note that these brackets are equivalent to the brackets 1,2,3,
and 4 in Appendix B. Using the notation from Appendix B, the
expression for the denominator C-1 may be written

Ho(kb) (5gg) (Jpka)(gtg) (), - I%EoJé(ka) [ )} +
kK ., K .,
~Twe o (kP) {IBE,Jo(ka) ()5 - Jo(ka)[a:%agl (g ). (c-2)

Using the principal asymptotic forms B-2 and B-3 to evaluate the
inner brackets, exactly as was done in Appendix B, leads to

( ]1 = "( ]3 = A, (C-3)

(), = (g = w: (C-4)

which are identical to B-20 and B-21. The details of these
calculations are given i.. Appendix B. Using these results the
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denominator becomes Y=

(3tsz) Hytkb) { (=¥gs) Mg(ka) - I§E: uIg(kay } +
Ig?o HY(kb) { (gotmg) way(ka) + Ig?o M (ka) ), (C-5)
which may be written
Y = AE + un , (C-6)

where

£ = [p’Ho(kb)Jo(ka) + q’Hé(kb)Jé(ka)]

= [p’HO(kb)Jo(ka) + q’Hl(kb)Jl(ka)] , (C-7)

n = pg [J,(ka)B}(kb) - Jj(ka)H,(kb)]

= pqg [Jl(ka)Ho(kb) - Jo(ka)Hl(kb)] , (C-8)
and, where
p = 4_0—1(05 , and q = i::)_eo . (C-g)

This completes the evaluation of the denominator. The evaluation
of the numerator, which is given by the determinant in equation
58, procedes exactly as in Appendix B. The numerator may be
calculated exactly with the result

2 4 -1 4
ya('i) = ‘5& nfab -~ Iwe,(o-1we) m'ab (C-10)

-pPq “ib(i) T

The coefficient D, is the quotient of the numerator and the
denominator given by equati.ns C-6 and C 10, respectively. In
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practice it is more convenient to work with the inverse of D,.
The inverse of D, takes the form

= (ha'+ up') ":ab ,
-]

(C-11)

ol

where

a' = -gg £ = -vk[(p/Q)H,(kb)Jy(ka) - (a/p)H,(kb)J,(ka)]  (C-12)

B' = -%g n = -vyk[3, (ka)H,(kb) - J,(ka)H, (kb)]. (C-13)

A further simplification may be made by noting that

c-iwe,y k £ o] k
(a’/p) = ['IEEZ] y ~ -[§°+igg:] y © -%- (C-14)
Therefore
a' = k'Ho(kb)Jo(ka) + y’Hl(kb)Jl(ka) (C-15)
B! = yk[Jo(ka)Hl(kb) - Jl(ka)Ho(kb)] (C-16)

The result for D,, equation C-11, is identical to the result for
d,, equation B-27, except that a' and B' in the former equation
replace a and B in the latter equation. .

As in Appendix B, it is important to specify the conditions
under which this result is valid. The equation for D,, equation
C-11, will be assumed valid for |ya|>125. Just as in Appendix B,
for a given radius r=a and a given conductivity o, this imposes a
restriction on the minimum frequency for which C-11 is valid.
This leads again to the inequality Jwou,a>125. and the
corresponding Table, Table B-1.

Lastly, the resonance condition for the TE modes will be
derived. As in the TM case, electromagnetic resonance will occur
for certain discrete frequencies, causing a reduction in the
shielding effectiveness at those frequencie.. As in the TM case,
the shielding effectiveness may be reduced by 3 or 4 orders of
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magnitude due to the resonance effect. Using the result for the
shielding effectiveness, equation C-11, it may be shown that the
resonance condition is J,(ka) = 0. The derivation of this result
is exactly the same as for the TM case in Appendix B. Based on
the resonance condition for a pair of parallel conducting planes
it is known that the first resonance occurs approximately when
(M2)~2a, or f~(c/4a). For large frequencies such that f>(c/4a),
it may be assumed that §>4.7, as was done in Appendix B, equation

B-29. Therefore, in the resonance regime, terms of the form e—s

may be neglected in the expressions for both A and p. This leads

to the result u=iA. Therefore the inverse shielding effectiveness
is proportional to

|Aat+ up'| = |A(ar+ipg')| = M| jar+ipt]. (C-17)

Noting that |A| ~ €% is an increasing function of frequemcy, the

resonance phenomena must arise from the a'+if' term. Since, for
frequencies well below the infrared, |y*|>>|yk|>>|k?|, the
dominant term in a'+ipg' is the y? term:

a'+ip' ~ y®H, (kb)J, (ka). (C-18)

Consequently, the minima in a'+ip' occur when J,(ka) = 0. This
establishes the resonant condition for the TE modes. Note that
since the zeros of J,(x) and J,(x) alternate for x real, neither
a' or B' is ever zero, and consequently the shielding
effectiveness is never zero. The resonant frequencies are given
by

ka = 3Jj,;(n) , n = l,2,3,l.. : (C-19)
or £, = 35 3J.(n), n=1,2,3,...; (C-20)

where j, (n) are the nth zeros of J, (x).
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APPENDIX D

APPROXIMATE FORMULAS FOR SHIELDING EFFECTIVENESS
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It is extremely useful to have an approximate closed form
result for the shielding effectiveness. Such a form is easily
derived in the TM case by using the results of Appendix B. The
shielding effectiveness, given by equation B-27, is

~-1/2

SE 3%99 |na + up|, (D-1)

which, for frequencies in the resonance regime, may be written

se1/% o T30 |x||a+ip]. (D-2)

Now substitute the result from Appendix B,

-1 1/2 &

A = 2 |y|7t ap) T2 €8, (D-3)

which is valid in the resonance regime; and based on the result
B-31, make the approximation

la+s18] = |y?| MokbyMoka) ~ |y*| (Fp) 2502 om0
where, for x real,
Mo(x) = [Hox)| = (9x) + ¥Z(xy)t/2, (D-5)
and where it is assumed that
[Jo(x)] =~ Mg(x). (D-6)
This yields the simple formula
sc-l/2 . 1 (B%Z 1/2 s (D-7)
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or,

sE . 482 e 25, (D-8)
where
6 = (2Ue)M2(pa), (D-9)

This shows that the shielding effectiveness is independent of the
radius of the cylinder and depends only on the thickness of the
shield. A formula for the shielding effectiveness in 4B is:

1/2 1/2]

SEdB = 10[109(;%: - log(w) + (20U,) (b-a)log(e) w (D-10)

This formula is a good approximation in the resonance regime,
that is, f>(c/4a). However, the approximation breaks down for low
frequencies. If equation D-8 is considered as a function of a,
that is, f(w), then this function has a minimum at the frequency

N T N (-11)

As w goes to zero, f(w) approaches infinity. Therefore, the
formulas D-8 or D-10 should not be applied for frequencies less
than w,. The error at this frequency is roughly 38% for the cases
studied in this report. Consequently, this formula only provides
a rough estimate in this lower frequency range,

The same formulas for the shielding effectiveness may be

derived for the TE case by using the results of Appendix C. The
shielding effectiveness, given by equation C-11, is

-1/2

2
SE “—4‘2 |Mat+ ug'| , (D-12)

which, for frequencies in the resonance regime, may be written
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sg~1/2 . n;ab IM] |ar+ip*] . (D-13)

Now make the approximations given by D-3, D-4, D-5, and D-6. This
again yields the formulas given in equations D-8 and D-10.
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APPENDIX E

AN ALTERNATE DEFINITION OF SHIELDING EFFECTIVENESS
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An alternate definition of shielding effectiveness may be
given in terms of the energy density of the incident and axial
fields. The most natural definition of shielding effectiveness is

Uaxis

—_—,
UlnC

SE = (2) (E-1)

where U is the energy density of the fields. The factor of two is
included so that the shielding effectiveness approaches 1 as the
frequency approaches zero. The average energy density of an
electromagnetic field is defined by the relation

U = 2{E'D + H'B}, (E-2)

where E, D, H, and B are the real fields, and {} denotes a time
average. In terms of the complex fields, and in free space, this
is equivalent to

[eoE-E*+ u,H-H*]. (E-3)

()
n
S

It is interesting to compare the definition E-1 to the
definition used in Section 7 for the T™M and TE modes, equations
140 and 141. It will be shown that these definitions are
equivalent. The energy density of the incident planewave is

inc 1 2 2
U = EEoEo = %U0H0° i (E-4)

For the TM case the E-field at r=0 is given by the n=0 term in
the series expansion since J,(0)=0 for n=%1,+2,... . The ¢-

component of the H-field is given by the n=il terms since
JA(O)-O otherwise. The energy density of the field on the axis of

the cylinder is

(TM) v*1s o e B2 [[a %+ [d_,+ a,, (%] . (E-5)
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Similarly, for the TE case the H-field at r=0 is given by the
n=0 term in the series, and the ¢-component of the E-field is
given by the n = 11 terms. Therefore the erergy density on the
cylinder axis is

i 1, .2 2 2
(TE) ueS = ZuoHe [Ipy |+ |p_j+ b, %] . (E-6)

The symmetry about the x-z plane implies that the fields are
represented by a cosine series. This implies that d_1= -dl, and
D_,= -D,. Therefore, the shielding effectiveness for the TM and
TE modes are given by

(TM) SE = |do|2 , (E-7)

(TE) SE |D0|2. (E-8)

In terms of d4B:

(TM) SEqg = ~20 log [d,] ., (E-9)
and
(TE) SEgp = =20 log IDOI . (E-10)

-

These formula are equivalent to equations 146 and 147. Therefore
the definitions 140 and 141 given in section 7 for the shielding
effectiveness of the TM and TE modes, respectively, are
equivalent to E-1.

Next, consider a perpendicularly incident wave with an
arbitrary state of elliptical polarization. The definition E-1
lends itself naturally to such a situation. It will be shown that
the approximate formula D-7 for the shielding effectiveness is
true for any state of polarization of the incident wave. To
begin, note that the TM incident wave has rectangular components
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E_ = E, (E-11)

H = -H,, (E-12)

H = H, (E-13)

E = E,. (E-14)

where E,/H,= Jy,/€,. The electromagnetic fields for an incident
planewave having an arbitrary state of elliptical polarization
may be written

c,{TM},+ c.{TE}, (E-15)

where the bracket {}, stands for the totality of field

components, that is, both E and H, for either the TM or TE
incident waves. The coefficients ¢, and c, are complex constants
such that

ley |2+ |c.|? = 1. (E-16)

Using the explicit T™ and TE field components given above, the
incident wave may be written in the form

E E,(c,ez+ c,ey] (E-17)

inc °©

Hio = H,(c,ez+ c,ey). (E-18)

where ey and e, are the unit vectors in the y and z directions,

respectively. The energy density of the incident wave is computed
using equation E-3, which yields
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2 2 1 2
Uine = %5°|E°|2(|Cl' + lea|?) = EsolEol . (E-19)

Now energy density of the axial fields must be calculated. If the
incident wave is of the form E-15 then by the principle of
superposition the solutions for the total fields have the form

c,{t™M} + c,{TE}, (E-20)

where inside the cylinder, for example, {TM)} stands for the
totality of field components, both E and H, given by equations
29, 30, and 31; and {TE} stands for the totality of field
components given by equations 47, 48, and 49. Using this
representation the fields on axis are given by

Ez = ¢,E,d,, (E-21)

Ez = Connoo (E'ZZ)

Consequently, the energy density on the axis of the cylinder is

U % €o |Eo | 2{]c:|?]d.]%+ |c.|?|D0]?). (E-23)

axis”

Therefore, the shielding effectiveness for a perpendicularly
incident planewave having an arbitrary state of elliptical
polarization is

SE = |c,|?|de|%+ |c.|?|D.]2. (E-24)

As expected, this is a superposition of the shielding
effectiveness for the independent TM and TE modes. When the
approximate formula D-8 of Appendix D is valid, then |d,|=|D, |
which implies that E-24 takes the form

SE = |d,|? = |D.]2. (E-25)
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This proves that the approximate formula D-8 is valid for any
state of polarization of the incident wave.
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APPENDIX F

APPROXIMATIONS FOR THE SPHERICAL BESSEL FUNCTIONS
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As was shown in section 7, the fields at the origin are
determined by the two coefficients p, and q,. Therefore the
calculation of the shielding effectiveness is concerned primarily
with the numerical evaluation of these two quantities. According
to the equations for p, and q,, equations 209 and 212, the main
problem is to evaluate the determinants W, and W, given by
equations 205 and 206. To do this, special care must be taken
when computing each of the four brackets (1. 115, [13: and [1g-

By using the Rayleigh formulas, the spherical Bessel and
Hankel functions and the required derivatives are given by

sinz cosz

2y = S - S (F-1)
[zjl(z)]' = (1 - %,)sinz + %cosz, (F-2)
h (z) = -i(1.- 1)e'?, (F-3)
[zh (z)]' = i[:,- % - 1)ei?, (F-4)

In general, these formulas may be used to calculate any one of
these quantities exactly. However, for the complex arguments
z=ya and z=yb, it is not practical to compute these quantities
directly from the above equations, except at low frequencies. The
reason is that for high frequencies the values of the complex
arguments z=ya and z=yb yield values of the spherical Bessel
function jl(z) which are astronomically large since they have a *®

large positive exponent, and values of the Hankel function hl(z)

which are astronomically small since they have a large negative
exponent. The magnitudes of these numbers is much greater than

the range of most computers; on the order of 1010'000. However,
the Bessel and Hankel functions with complex arguments have been
grouped together in the brackets [1,. []2, []3, and []4, in

equations 205 and 206, and since products of these functions
appear in pairs the large positive and negative exponents cancel.
By making a simple approximation the products of the Bessel and
Hankel functions may be calculated quite easily and accurately.
First note that for a good conductor, and for frequencies such
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that (o/wg,)<<1l, the propagation constant inside the conducting
medium, y, 1is given by

2 3
v? = iwpy(o-iwe) = g,[§°+ia%:) ~ g, (iE%: . (F-5)

which implies the approximation

n T
1 (m_o]l/z 12 /2 1
c ‘g,

y e ! « (ap,0)t/% e f. (F-6)

Considering the following ranges of physical parameters:

a > 7.5mm, £ > 5x10* Hz, and o > 10’ ohm'lm'l, implies that the
arguments of the spherical Bessel functions satisfy the
following inequalities: ka > 0.139 and |z| = |ya| > 14.89.
Therefore, writing z in the form =z = E+iE, these conditions

imply & > 10.0. Consequently, if terms of the form eiz= «ziae'E

are neglected compared to the terms of the form e‘iz= eiae+5,
then the formulas F-1 and F-2 may be approximated by the formulas

i, -1z
-E)e ’ (F-7)

N
~N
+

i tz) -

Nl N

(

- 1]e *°. (F-8)

N
N+

[z3,(2)]" ~ -5(5.+

These approximations shall be used to evaluate the brackets in
equations 205 and 206. Proceeding with the evaluation of bracket
number 1, let z,=ya and z,=yb, then using F-2, F-4, F-7, and F-8
yields

[]1 = rj(zx)rh(zz) - rj(zz)rh(zx) (F-9)
= [1- 2:2- z;2+ (z,z,)—1+ (z,z,)'z] isin(z,~-z,) +
- [z?l- z:1+ z?zz:l- 2:12:2] icos(z,-2,). (F-10)
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Similarly, simplifying bracket number two yields

[1; = hy(z0)Ty(za) - 3;(200Ty(24) (F-11)

= '[2:2‘ (zxzz)—l“ (zlzz)_z] isin(z,-2z,)

2_-1 1

- [zf1+ z,%2; - 2z, z}z] icos(z,-2,). (F-12)

Bracket number three is given by

[]3 = rh(zl)jl(zz) = rj(zx)hl(zz) (F-13)
= -[232%- (z,2z.)7%- (2z,2.)72) isin(z,-z,) +
+ [z:l— 2722714 zflzzz] icos(z,-2,). (F-14)

And, bracket number 4 is given by

[]4 = jl(zx)hl(za) - hl(zl)jl(zz) (F-15)

= [(z.2z:) % (2,22)7%] isin(z,-z,) +

- [2:2221_ 2:12:2] icos(z,-z,). (F-16)

In general, these approximations are very good for |ya|>14.14.
These formulas for each of the four brackets are used in the
calculation of the shielding effectiveness of a spherical
conducting shell at high frequencies. It is not necessary to
separate the real and imaginary parts of these equations since
all numerical work 1is performed on a computer which supports
complex arithmetic.

In addition to the approximations F-7 and F-8, for the
spherical Bessel functions, another set of approximations is
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required when the magnitudes of the arguments 1is very small,
that is, |z|<<l. Approximations of this type are needed to
calculate the shielding effectiveness for very low frequencies
where ka<<l. The problem at very low frequencies is not with the
evaluation of the bracketed terms, but with the coefficients of
these brackets in equations 205 and 206. These coefficients are
products of spherical Bessel functions having the real arguments
¥=ka and x=kb. If x<<1, problems arise if jl(x) and [le(x)]' are

computed by using equations F-1 and F-2 on a calculator or
computer which has an accuracy of 12 significant figures. For

example, if x=10'6, then on a machine with an accuracy of 12
significant figures, a simple algorithm based on F-1 and F-2
yields jl(x)=o and [le(x)ﬁ'=0. This situation is not acceptable

since it may lead to erroneous results for the shielding
effectiveness. Therefore, for |z|<<1l, the Bessel and Hankel
functions shall be approximated by the relations

ji(z) = 3z, (F-17)
[23.(2)]" = 22, (F-18)
h,(z) = %z 1(%,+ %], (F-19)
[zh,(2)]" = %z + i[%,— %] (F-20)

These approximations may be obtained from the defining relations
F-1, F-2, F-3, and F-4 by straightforward series expansions of
the trigonometric and exponential functions. These equations are

utilized in numerical computations when |z|<10-3.

The resonance conditions shall now be derived for the electric
and magnetic fields. By analogy with the interference effects in
a Fabry-Perot interferometer it is expected that the fields
inside the spherical cavity should exibit resonances for certain
discrete frequencies. Consider the resonances in a system of two
parallel planes seperated by a distance d. Resonances will occur
when the separation of the planes is equal to an integral number
of half-wavelengths, that is, n(A/2)=d, or f=(c/2d)n. Therefore,
it is logical to expect that the first resonance for the sphere
will occur near the frequency f=(c/4a), or equivalently
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ka=(n/2)~1. For frequencies such that f2(c/4a), the magnitude of
the arguments z=ya satisfies the inequality

lval = (wou,)t/2a 2 (T2S9Ue)1/2, (F-21)

For the parameters 0=10"ohm !m™! and a=7.5 mm, this inequality
yields |ya|>6664. Therefore, in the resonance regime, the
approximations F-10, F-12, F-14, F-16 will certainly hold for the
brackets (1, (1, []3, and []4.

The resonances for the magnetic field shall occur when the
magnitude of the coefficient p, is a maximum, since at the center
of the sphere |H/H,|=|p,|. This implies that the reciprocal of
|p,| will be a minimum. To first order,

W, = j,(ka)h,(kb)[]; ~ J,(ka)h,(kb) isin[y(b-a)], (F-22)

according to F-10, F-12, F-14, and F-16. Therefore the resonances
for the magnetic field will occur when the quantity

I, |71 = |val(kb)|W,| ~ |ya|(kb) |3, (ka)||h, (kb)||sin[y(b-2a)]]
(F-23)

is a minimum. Clearly, this occurs when jl(ka)=0. This is the

resonance condition for the magnetic field. Nate that this is
also the resonance condition for the magnetic shielding
effectiveness SE , since SE = [p,[*.

The resonances for the electric field shall occur when the
magnitude of the coefficient q, is a maximum. This implies that
the reciprocal of |qg,| will be a minimum. To first order,

W, = rj<ka)rh(kb>;% (1,

- Fj(ka)rh(kb)%T[(ya)(yb)]_liSin[y(b-a)], (F-24)
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according to F-10, F-12, F-14, and F-16. Therefore the resonances
for the electric field will occur when the quantity

|q,|'l = |k/y]|(ka)(kb) |w,]

= ly/x]|ry(ka)||Ty(kb) | |sin[y(b-2a) ]| (F-25)

is a minimum. Clearly, this occurs when rj(ka)=0, that is,
[pjl(p)]é-ka'o' This is the resonance condition for the electric

field. This is also the resonance condition for the electric
shielding effectiveness SE_, since SE.= |[q,[?.

For the electromagnetic shielding effectiveness, which is
defined in terms of the energy density of the fields, the
resonances will occur when either of the previously derived
conditions are satified separately , since SE = SE_+ SE.

Therefcre, the resonance conditions are

j,(ka) = 0, (F-26)

(P3P )5 ka= O (F-27)

The first few zeros of F-27 are given in Table F-1.

Lastly, an approximate formula for the SE of a sphere shall be
derived which is identical to the approximate formula for the
cylinder. This approximate formula shall be derived for
frequencies in the resonance regime. For the magnetic shielding
effectiveness, start with equation F-23:

'—1

lpa |77 = |val(kb)[w,[ = [ya|(kb)[],(ka)]||h, (kb)|]|sin[y(b-a)]|

(F-28)

Assuming that |y(b-a)|>l4.l4, the sine term may be approximated
by a single exponential,
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n zn

1 2.743707 269992
2 6.116764 264462
3 9.316615 628566
4 12.485937 368200
5 15.643866 106348
6 18.796253 353454

Table F-1. Zeros of [zjl(z)]' for z real, z>0.

-1/2 4

|sin[y(b-a)]| =~ % elvl2 (F-29)

The magnitude of the spherical Bessel and Hankel functions may be
roughly approximated by their modulus [[19], page 439, equations
10.1.28 and 10.1.29)

. 1 1
Jyx) ~ 1+ %),
1 1
hl(X) ;[l +'§].
Assuming ka>>1, then to first order jl(ka)=(1/ka) and
hl(ka)=(1/ka), which imply that equation F-28 takes the form

-1/2
lp, 17t~ |y/k] % elvl2 (b-a), (F-30)

This yields the desired formula for the shielding effectiveness
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|2 . doue, e-Jchuo(b—a).

SEm = Ipl o
Next, the same formula shall be derived for the electric
shielding effectiveness. Start with equation F-25:
la|™ = ly/k||rjka) | |7, (kb) | |sinly(b-a) ]| (F-32)

Assuming that |y(b-a)]>14.14, the sine term may again be
approximated by a single exponential as in equation F-29.
Consider the terms Fj(ka) and rh(kb). Using a standard Bessel

function identity, one may write

(F-31)

[pi ()] = pIj(P) + 3 (P) = Pig(P) - F,(P)- (F-33)

[ph, (P)]* = phj(p) + hy(p) = phy(p) - hy(p). (F-34)

Then, roughly approximating jo(p) and jl(p) by their modulus, to

first order, 1/p, since ka>>1l, this shows that

[p3 te) ] ~ 1 -

[phy(p)]" ~ 1 -

Employing these rough order of magnitude approximations one
obtains

i 172,
A R I LA el

which again yields the formula
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- 1. (F-36)

(F-37)




SE, = la,|? - 282 e~V 2w0HU, (b-a) (F-38)

Therefore, the final formula for the electromagnetic shielding
effectiveness in the resonance regime is

SE = SE+ SE, = £8% e~V 200U, (b-a) (F-39)

This shows that the shielding effectiveness at the center of the
sphere is independent of the radius of the sphere and depends
only on the thickness and conductivity of the shield. In terms of
dB, this formula may be written

SE (dB) = 10{Log(c/8g,) - Log(w) + Y20}, (b-a)Log(e) wl/z}. (F-40)

In general, the formulas F-39 and F-40 are good approximations
when the conditions |ya|>14.14 and |y(b-a)|>14.14 are both
satisfied simultaneously. This implies that |ya|>14.14, or

equivalently (wouo)l/za >14.14. These formulas break down for low

frequencies and cannot be used for frequencies less than

[\ = .L l
© = .o (b-ay*’
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